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PREFACE 


The first edition of this bookp a slendi^r volume of 12S 
appeared in 1891- Iti 1926, one of us (A.K.W-) joined Dr. Hatch in 
a complete revision. Ten years later, after the death of Dr. Hatch, 
rather more drastic alterations were made in the scheme of dass ih- 
cation, mode of occurrence being dropped in favour of degree of 
cr^'stallinity (grain size). x\s a consequence of discussion with suc¬ 
cessive generations of students and o-thers mterested in rock classifi¬ 
cation and nomenclature, it became obvious that another change 
was overdue. In the earlier editions, following an old-established 


practice, silica percentage was used arbitrarily as a main prop of the 
scheme of classification. For reasons that are discussed in the text 
thb position can no longer be maintained, and instead of silica 
percentage we attempt to base the classification primarily* on the 
mineral contents of the rocks. 

Apart from this, the style of the book is not fundamentally 
altered, though the balance of its parts is changed. The fundamental 
prindplcs underlying the petrological microscope—the principal 
instrument at the disposal of the working petrologist—^e explained 
in, w^o hope* simple lonns that will not shock the physicistn Rather 
mote detail concerning the atomic structure of selected minerals has 
been introduced as a means to an end. A mental picture of the 
fundamental structure, from which a statement of the chemical 
comp>osition can easily be inferred, is far more readily retained in 
the mind than a complicated formula. The latter takes on a new 
significance when it b related to a structural model or diagram. The 
diagrams of such structures are admittedly generalized and dia- 
grammatic: but they serve a useful purpe^n ilu^ of the data 
concerning the physical properties of the minerals is omitted from 
this account, and this has allowed fuller discussion of the rfile of 
these mtierals as rock-formers—^the most important aspect for the 


petrologist. 

In view of the modem tendency to explain many petrogenetic 
problems in terms of emanations^ ionic migration and "graniti^- 
tion,** a section of the book has been set aside for the considefaticin 
of the^e matters. The solution of the problems is very elusive and 
lies a long way ahead. In the meantime the authors main purpose 
is to present the facts concerning the composition of the igneous, or 
eruptive, rocks as some prefer to call them, to direct attention to 
the interrelations between the component minerals^ and between 
the various rock-types, regardless of their ultunate origins. 

The great need among petrologists at the moment is a common 
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sjf5tem of nomenclature^ and tkis must be ba^ed upon agreed defini¬ 
tions of the rock types under consideration. It b hoped that by 
discussion and comment in the following chapters a contribution 
will have been made towards achieving this end. 

The senior author has enj oyed the privilege of working with his son 
on the tenth and eleventh editiom. Large parts of the new additions, 
especially m Parts 11 and IV, are from the pen of the latter, as are all 
the new maps Ln Part V and a number of other illustrations in the 
text. The majority of the illustrations in the pre-1926 editions have 
now been replaced. A special feature has been made of large’-sized 
drawings, which have been preferred to photomicrographs, and it is 
hoped that their study will help the student in the appreciation of the 
finer points of micro-petrologyp From our experience in making 
th^ drawings we can say that there i$ no more effective way of 
seeing and comprehending these features than by making an accurate 
drawing" of them. Many of the rocks illustrated are well-known 
examples of their kind, some few are rarities’ there will be little 
difficulty in matching most oi them in standard teaching collections. 

A. KINGSLEY WELLS 

August 1951 
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INTRODUCTION 

THE NATURE OF THE IGNEOUS ROCKS 

PEtROLOGY is that branch ol geological sdence which has for its 
special add of study the rocks of the earth’s crust. A rock is a 
mineral aggregate; it may consist of one mineral or many; it may 
be amorphous or crystalline. Its constituent mineral grains may be 
of such size that they axe readily identified on inspection; or they 
may be so finely crystalline as to be resolvable only in thin section 
under the microscope. In studying rocks it is necessary to appr^ 
date their field relations—their mode of occurrence and their 
associates; to determine the kinds of minerals present, and at least 
their relative abundance; and lastly to comprehend the^ mutual 
relationships between the individual components. 

It is jjustomary to recogniie three main categories of rocks: the 
sedimentary, the metamorphic, and the igneous or eruptive. 
The first need no further comment in this volume. The second com¬ 
prise all those rocks which have been changed in mineral content, 
in testurc, or both, as a consequence of drastic change of environ¬ 
ment, The chief agents active in metamorphism are high tempera¬ 
ture and great pressure. If the rise of temperature and increase of 
pressure have been sufficiently drastic, a coarsely crystalline rock 
may result which will differ from an igneous rock iu no obvious 
respect. The borderline between the metamorphic and the igneous 
is ill-defined and gradational. Nothing is easier than to select types 
from both categories which, on the most casual inspection, are seen 
to be completely dbtinctive; but the products of high grade meta¬ 
morphism may simulate igneous rocks so closely jhat, divorced from 
their environment, they are virtually indistinguishable. The fact is 
that whether such a rock is classified as igneous or metamorphic is 
a matter of secondary importance; this depen^^ less up^ the 
individual characters of the rock than on its origin, that is, this 
ultimate classification into one or other category depends nwre upon 
what the rock was at some previous time, than upon what it is now. 
But a named rock-tj-pfi consists of specified mineral grains with a 
definite mutual arrangement or texture, ApaJt from these observ¬ 
able facts, a rock has no individuality, and its pedigree is of no 
significance in choosing a name for it, A given rodk-type may have 
originated in half a do*en different ways; but only one name is 
necessary—‘with qualifiers, if it is thought nooessaiy to use them. 
Thus there may be metamorphig granUes, metasomatic granite 
and Tuagmatic granites. They all consist of the same minerals 
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ganged essentially in the same way; nothing would be gained by 
descnbing them tinder three categories t^hen they are one and the 
same rock. 

These problems of cJassrhcation and nomenclature do not arise 
of course wh^ dealing with average igneous and metamorphic 

concerning the subject- 
matter of his book on metmnorphism and the xnetamoTphic rocks 
th;m are the present authors in regard to what they propose to 
mdude in tte present volume as igneous rocks. Much metamorphisro 
IS intunatdy connected with, and attributable to, igneous activity* 
on the other hand it appears probable that some phases of meta- 
morphism are a prelude to igneous activity 

Formerly it was believed that aU igneous rocks were magmatic, 
today It is beheved in many quarters that certain rocks "of igneous 
M^t ha™ not passed through the magmatic condition. It is 
AfficuUlto give a ^mprehensive definition of magnaa, though there 
is no doubt as to its nature, for samples arc made available at every 
outpouring of lava from a volcanic vent. The composition of magma 
may be inferred, m part, from the study of the igneous rocks formed 
from It; but in every such case the rock represents a part only of 
the magma from which it was fonned; other rocks from the same 
sou™, said to be comagmatic, represent other magma fractions, 
while inevitably not afi of the original components of the magma 
now occur m the rocks^thc more volatile components arelost. 

knowledge of the composition of magma is partly 

Sll SL"" ^ from 

^ive volcanoes. Similarly maginatic temperatures can be &auj?ed 

by measui^ents made at the top of the lava column in Ha4ii 

Jot esi^ple. From these considerations it appears that magma is 

S™ f “ through a great increase in energy 

hM become hquified It consists essentiaUy of the substance of tS 
Igneous rock minerals in a condition of mutual solutiwi, together 
wth certain volatile constituents which are not normally niduded 
m the ro^s. Mastic temperatures vary with composition. Granitic 
magma is relatively low in the scale, some frSons of if ie 
believed to ^taUia at temperatures well under 575 * C' but the 
o^onet t^ of ma^ (basaltic), contains mineralTwh^se melt- 

experimental conditions, are over 

Volcanic phenomena similar to those observable today are easUv 
^J^ble in ^t geological periods back to the earliest 
denudation has bid bare the roots of the andent volcanoes in soma 

SS 0 readfS"'' magmafCS: 

t t failed to reach the surface, and consequently consolidated under 
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a 'Voof" of rock. As the latter b a poor conductor of heat, such 
magma would lose its heat slowly^ and m igneous rock of coarse 
grain would result. In an area of the type we have in mind rock 
bodies of various shapes and sbes may occur (they arc considered in 
due course), and the rocks of which they arc composed may vary 
widely in degree of crystallinity. Those of coarsest grain, termed 
plutonices, grade through those of medium grain-sbe into the 
finest, which may be partly, or in extreme cases wholly, m the con¬ 
dition of natural glass. The field relations of such rock-mas^ 
demonstrate a common origin. By close comparison with active 
volcanoes, the lavas are known to Ik magmatic; by reason of their 
field rebtions, and of their chemical and mineralogical composition, 
some associated plutonites are infcFr€d to be magmatic also. 

On account ol the extremely complex composition of the igneous 
rocks, and because it is \drtnally impossible to imitate natural 
conditions in a laboratoi>\ the experimental study of the Crystal¬ 
lization of even a simple magma is impossible at present. Neverthe¬ 
less, particularly at the Geophysical Laboratory at Washiiigton, 
invaluable >vork on simple silicate melts has been carried out. It b 
significant that the theory buQt up around the results of these 
investigations is consbtent with the relationships between the 
rock-forming minerals obscrv'cd in thin rock-sections. It would bo 
premature at this stage to carr>' the discussion of magmas^ further; 
but one point must be emphasbed. The use of the term "magmatic,' 
applied to a rock, implies that it originated by crystallbation from a 
fluid of complex composition. The fluid may have originated m sifit, 
or it may have migrated, possibly for a great distance, from its 
point of origin. In a multitude of instances some part of it has been 
erupted at the surface as lava^ Such rocks differ fundamentally, as 
regards origin, from those believed to have been produced by the 
selective replacement of solid rock minerals m Rocks of this 
latter type are essentially metasomatic, and the products of 
^ranltii^tlon. According to this view, the original elements in 
the rocks so affected are believed to be redbtributed; they rec^ve 
a direct contribution of materials, largely in the ionic condition, 
from some unspecified deep-seated [and therefore presumably mag¬ 
matic) source. These are selectively assimilated and in the course 
of a general recrystaUization the end-product b a cT^^staliine 
silicate rock identical in composition and texture with a nomial 
igneous rock, irrespective of the original oomposition of the materi^ 
undergoing granitbation. As might be exacted, thb is a hypothesb 
upon which export opinion is sharply divided: it b as diflictilt to 

* Ttie student is rEconuniended to study K- L- I3*w«n‘s address on 
in BuiL Geoi. Sac. America, vol. (i^47h P 


26 THE PETROLOGY OF THE IGNEOUS ROCKS 

prove as to disprove. It is based primarily upon the inteipietation 
of field evidence at the logins of granitic rock-bodies, and such 
evidence is^ of course, subject to the htiman factor. 

Now given that gi^itiaation docs aU that is daimed for it and 
that certain crystalline silicate rocks have been evdved by the 
process postulated, they are not only rocks "of igneous aspect " but 
also so closely resemble igneous rocks in composition and texture as 
to inseparable from them. In other words, their affinities are 
with the Igneous rocks, and they definitely fall within the present 
field of study. The specific qualities of these rocks are facts of oom- 
pwition and texture, and ate completely independent of any theories 
which may be held regarding their pedigree. 

"^at aspwt of petrology which is concerned with the origins of 
rock-types is tenned petrogenesis; while petrography is con- 
(»rned with the facts of mineral and chemical composition anj 
mtemah stnid^ or texture. The study of mincralogical and tex- 
t^ sim^ties and dissimilarities leads to the definition and 
deification of rock-types. In this volume we are concerned chiefiy 
with petrography, though pctrogenetic considerations are by no 
n^s exduded, especially when evidence of origin seems to be 
afforded by the rocks thcirtselves. 


PART I 


THE ROCK~FORM1NG MINERALS 
OR THE 

IGNEOUS ROCKS 





CHAPTKK I 


OPTICAL PROPERTIES 

When studying minerals in thin sectiem mth a view to identifying 
them, we take into consideration firstly their shapes, secondly their 
internal structures such as deavage traces, evidence of twinning, 
oocuiTcrice of indusioiiB, and thirdly their optical characters* 


{i} ShafMr or Form. 

II the conditions that prevailed during crystallization of a mineral 
were such as to allow free gtowUi, the crystal-fonn typicaJ^^of the 
particular mineral spedes will be developed, and the shapes seen in 
thin sections will be bounded by natural crystal faces. Such minerals 
arc said to be euhedral or idiomorphic. If. on the other hand, growth 
was impeded by the presence of crystals of other minerals of earlier 
formation, the development of the natural crystal-form is imi^ble 
and shapeless grains result. These are said to be anfaedral (literally 
"without angles") or xenomorphic {with "dtMger" shapes}. If 
desired, an intennediatc category may be distinguished as sub- 
hedrali or subidiomorphic. 

No^ obviously a j^iineral seto in thin section b far less distinctive^ 
from the point of view of shape or form* than a complete crystal, 
seen in three dimensions: there can be no $imple relationship betweTen 
the solid form and a thin section of chanm orientationp as may be 
readily appreciated by cutting sections in different directions through 
a cube—of potato for example. 

Nevertheless, with practice, and with a weh-dcveloped three- 
dimensioBaJ sense* much may be inferred from the study of chance 
sections in a rock-slice; and there b always a possibility that a 
recognbablc orienitated section will be disoovered, that goes far 
towards establishing the identity of the mineral under observation. 

[2) Cl^itvagi and Ftadure. 

Mineral cleavage takes place in directions determined by the 
presence of planes of weakness* due to the fact that in these planes* 
the atoms are fewest and the electrical bonds are ^^eakest. In using 
cleavage two factors are Involved * first, the direction of the cleavage, 
and secondly its degree of perfection.. The fonner is defined by 
reference to its parallelism to crystal facts r thus one speaks of a 
basal cleavage* or cleavage parallel to (001). One practical point 
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^ises here. Cleavage traces appear most perfect and most dearly 
defced when they are perpendicular to the plane of the slide and 
^her things being equal are ^tter developed in crystals round the 
edge of the slide than in grains of the same mineral embedded in 
the middle of the section. Not infrequently, cleavage is accentuated 
by incipient alteration along these planes of weakness. 


( 3 ) Refractive Index and Surface Retie/. 

It IS a matter of common knowledge that the velocity of light 
(Ganges on passing from one medium to another and this causes a 
^^gc m the direction ol the ray of light at the surface of separation 
between the two. This phenomenon is refraction, and the degree of 
redaction is the ratio between the two velociti«, Lu., the refractive 
index. Diffei^ces in refractive index of minerals form the basis of 
practi^^y aU the methods of determining minerals in thin sections 
With tife aid of the petrological inicroscopc. 

Among common rock-forming minerals refractive indices range 
from I -43, for fluontc, to 2-76 for rutile. At first sight this does not 
tw a wide range; bnt a very small difference, say in the 
thtfd place of decimals, may produce striking effects. 

Surface^reUef involves the distinctness of the outline of a mineral 
jfmn. and the appe^^ce of its surface. Both these features are 
de^ndent upon the difference in refractive index between the grab 
Md the m^ium. generally Canada balsam, in which it is embedded. 
Theoretically if and medium have the same refractive bdices 
the former should be mvisible. If there b a slight difference, the 
^in Will be fmntly outlined, and its surface will be smooth. If 
there is a l^ge difference, the grain will be heavily outlined and the 

SJo ^ minutely pitted. These observations 

^ould be earned out wnth the ins diaphragm carefully manipulated: 
«r f optimum stop" which will ensure majdmum^surface 
relief. Imt adequate illumination. Further, care must be taken to 

uaprcssion through surface reflections. Momen- 

immediately show 

l^hor more permanent form ol screenbg is required or not 
di^ppear^ce of a grain on immersion in a medium 
^th the s^e refractive index is the basis of one of the most impor- 

ofreEurhib^'h"’^'"-*'''* '"“'T'^'P'^tTology-the mcasurei^jit 
of refractive mdices by the immersion method. In briefest outUne 

involves examining the mineral under test^nly a smS 
? 15 «quircd-when iiUTiiersed in different liquids until one 
^«=tly matches,the grab in refractive bdex. 
ex of the liquid is measured on a refractometer. With a first- 
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class mstnunent it is possibla to measure the refractive index 
correctly to four or even Eve places oI decimals. The full details of 
the method will be found m a text-book ol petrographic method^ 
This is research technique however; bui the same principle b 
involved in the standard method of comparison between the indices 
of two grains in juxtaposition. The diaphragm is dosed until the 
fidd begins to darken. On slightly raising or lowering the tube of 
the microscope, using the fine adjustment, a bright line will be seen 
near the boundary. As the locus is changed the bright line cro^ 
the boundary in accordance with the follovring rule: on focusing 
down, the bright line moves from the substance of high to that of 
low refractive index, and, of course, conversely. This is a very 
delicate test if carried out with reasonable care. It may be used 
to compare a grain on the edge of a slide with the balsam in which 
the latter is embedded. The result of the test may weU stablish the 
identification of the mineral under exammatioti. This is caPfed the 
Becko Test after its discoverer, 

(4) Double Ri/r^idion, * 

With few exceptions minerals cause a ray of light passing through 
them to bo resolved into two components, vibrating in two diSerent 
directions at right angles to one another, and refracted to difierent 
extents. This is the phenomenoo of double refraction. One of the 
component vibrations behaves as it would in an isotropic, non- 
direction al medium such as glass, and is called the ordituify , 
but the other, appearing to disobey the ordinaiy laws of refraction, 
is referred to as the cxirs^difiuty ray. The fact of double refraction, 
as produced by caJcitOi and the difference between the ordinary and 
extraordinary components, may be readily observed if a cleavage 
rhomb of clear calcite is placed over an ink spot on a white sheet ot 
paper. Two images are seen, at slightly difterent levels in the calcite, 
and on rotation of the latter, one image remains stationary, while 
the other rotates with the calcite^ The latter is the image due to the 
extraordinary rays. 

(5) Optical Orkniatim, 

Cubic minerals such as fluorite possess only one refractive ind.ex, 
for light passes with equal ease, and therefore with the same velocity, 
in all directions In the mineral. All other minerals fall into two 
categories: the one iocludes those which crystalline in the s]^'stenis 
characterised by one principal, and either two or three equal lateral 
axes—that is, in the Tetragonal, Hexagonal and Trigonal systems. 
In these minerals there is one, buL only one, direction ol single 
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refraction. Light which is transmitted along this direction is not 
doobly refracted* This unique direction within the crystal is its 
optic axis, which is^ in all cases, parallel to the principal ay^stallo- 
graphic axis. The minerals in this class are said to be unioxla!. 
Minerals which crj'stallke in the remaining systems, i.e. the Ortho¬ 
rhombic, Monoclinic and Tridinic^ are biaxial, as they contain two 
directions ol single refraction—two optic axes. The acute angle 
between the optic axes is denoted by 3V if measured in the mineral, 
or aE if measured in air„ 

If the smallest refractive index in a mineral is represented by 
or more simply by and the greatest by or y, the former is the 
index of the fastest ray, wJiich is denoted by X; while the index y 
i$ that of the slowest vibration, Z. In uniaxial crystals the light 
vibrating parallel to the optic axis is the fast Vibration [X) in some 
cases, but the slow vibration (Z) In others. These two categories are 
distin^ished as "negative” and "positive” respectively* In practice, 
it is preferable to think in terms of fast or slow vibrations rather 
than of large or smaU refractive indices, because the relative veloci¬ 
ties are quickly and easily compared by means of the accessory 
pLitcs, the gypsum and mica plates and the quarts wedge, which 
form part of the normal equipment of tlie petrological microscope, 

Wth biaxial minerals the optical orientation is more involved, as 
nowr it is necessary to recogniie three vibration directionSp X, Y and 
Zj corresponding with three refractive indices* a, p and y. 

In an Orthorhombic crystal symmetry demands that X, Y and 
Z should correspond with the crystal axes, d, b and c; but as each 
of the latter may be any one of the former, there are six possible 
settings:— 

a-XXYYZZ 
h — Y Z X Z Y X 

c — Z Y Z X X Y 

The X and Z directions Invariably lie in the plane which ccxitains 
the optic axes, and bisect the angles between them. They are there¬ 
fore known as the bisectrices: Bx^, the acute bisectrix, in the acute 
angle bctw^^ the optic axes, and Bx^, the obtuse bisectrix, at 
right angles to it. The plane containing the bisectrices, acute and 
obtuse, and the optic axes is the optic axial plane, which must, of 
necessity, lie parallel to one of the planes of crystallographic sym¬ 
metry. Which of the three actually corresponds to the optic axial 
plane is best suted by giving the indices of the corresponding 
pinacoid- In the case illnstrated in Fig, i the optic axial plane is 
parallel to (010). The third vibration direction (Y) corresponds to 
a velocity between X and Z, with index ^ of value mtermBdiate 
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between a and y. Fioiti its relationsliip to the optic axial plane,, it is 
called the optic normal, Y, 

Having" thus fixed the position of the optic axial plane, from what 
has already been said, it will be realist that within this plane, 
each of the crystal axes can be, in different cases, either Bx, or 
Bx„. Which of the two possibilities is appropriate in a given LnMance 
is stated by specifying to which pinacoid the Bit* is perpendicular. 
In Fig. I Bx^ is perpendicular to (loo). 

Finally, with this setting of the optic axial plane and the bisec- 



Diagrani lUustnting one optical oriontatioti of an Ortlmrliombic mineral. 
OP. AX. PL. V optic axial plane. 

TTie optic axes arc symmetrically disposed about X and are marked by sioalJ 
^ rings. 

trices, Bx, may correspond with Z. in which case the roiocral is 
optically positive; or it may be X, when it is optically negative. 

In Monoctiolc minerals the nomenclattne is the same, but the 
orientation is consistent with the lower symmetry. The single diad 
axis, b, must correspond with one of the vibration directions. X, Y 
or Z, while the other two must obviously lie in the single plane of 
crystallographic sytometry. In general terms two cases are possible: 
in the one, the diad axis is the optic norma], Y, and therefore the 
plane of crystaliographic symmetry coincides with the optic axial 
plane (Fig. 2). On the other hand, if the diad axis is either the acute 
or the obtuse bisectrix, the optic axial plane must be at right angles 
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to the pkne of symmetry as illustrated in Fig* 3, In this case the 
exact position of the optic axial plane is best fixed by stating the 
angle between it and basal pbacoid, or the basal deavage when the 
latter is developed. Now, as the angle between the vertical and 
clino-axes cannot be 90’ in a Monodinic crystal, and as the vibra¬ 
tions X and Z must be perpendicular to one another, it follows that 
the latter cannot both coincide with the former; indeed the bisec¬ 
trices may take up any pa&ition in the optic axial plane. It is usual to 
fix their position by stating the angle between the slow vibration, Z. 


nc- 3 

Dkgimnu showing the optical oiientatioA of Monoelink 
Optic axkj plane stippled; opik axes marked by tinall ring*; crysW axes, 

a, b And Lhifi lines. 


f 

and the vertical axis, c, often indicated in appropriate thin sections 
by prismatic deavage traces* 

ft would be unprofitable at this stage to discuss the optical 
orientation of Tridinic mioeials. We need only note that X, Y and 
Z need not cdndde with any of the crystal axes. 

So far we have dealt merdy with the fact of double refraction* It 

remans to study sortie of its c£Hiset|uences+ 


( 6 ) PUockroisfn. 

The directional properti^ of minerals are strikingly demonstrated 
by the fact that equal thicknesi^ viewed in different directions may 
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be differently coloured. This property of differential absorption or 
pleochroism is of great value in deteiminativc mineralogy. Pleo- 
chroUm may be strikingly demonstrated by a prism of tourmaline 
held with its axis parallel to a plate of poUroid with a strong light 
behind it. On turning the tourmaline from the vertical to the hori¬ 
zontal position, the change of colour, in s«ne specimens, is almost 
dramatic. 

One of the chief purposes of fitting the petrological microscope 
with a rotatable stage is to make it easy to observe and record these 
colour changes. The polarizer in the microscope causes plime polari¬ 
zation of the light which passes through it. Suppose the direction of 



FIG. 4 

DiaATams HlustFaitinE tbit' PlefSCbroLsiu with abwrptiQii formula 

O > E. 

VibritioB oi pokriMF indicited by the amw bejw toe cirdes, and 

of the ordioaiy and extiaardifliry lays in the toufinaline by armws with 
the letters O and E nBptctivdy. Tbe baiai sections touw no chan^ dq 
rotation over the polanixr, 

vibration to be left to right. If now a prism of toutmaliiie in a section 
On the stalge is rotated until its axis is vertical, it must be illuminated 
by polarized h^ht vibrating left to right, fe. at right angles to its 
optic axis (Fig. 4A). Now this is the vibration direction ol the ordi¬ 
nary component in the crystal, and the colour seen is 
the ordinary ray. %^^len the crystal is rotated untd its principal axis 
lies Icft-and-right* it is illofniriated by the extraordinary component, 
and the colour seen is that due to the extraoi^naiy ray (Fig. 4®)- 
It will be noted that the absorption of the ordinary is much greater 
than that of the extraordinary ray for tourmaline* but the opposite 
is sometimes true ol other minerals, so that a statement of the 
"absorption formula" is necessary. TIius for tourmaline^ absorption 
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With biajdal mincralSp all three vibration direcUoiis, X. Y and Zp 
may display diHer^aces of absorption. The complete pleochrolsm 
formula is derived by bringing the vibration directions successively 
into parahelisni with the vibration direction of the polariier* and 
noting down the colours, and for the purposes of recording the 
absorption formula> the relative strengths of the colours must be 
noted at the same timOp Reference to Fig. x will make it dear that 
for each of the pinacoidal sections, the light will be transmitted 
along one axi$> but will vibrate paralld to the other two. With a 
Monodinic mineral having the optical orientation illustrated in 
Fig. 2p the (oio) section will show successively the colours due to 
X and Z on rotating the stage; but the colour due to Y will be seen 
in a basal section when the b-axis is l3dng parallel to the vibration 
direction of the polarizer. 

(7) ExitncHon. 

WTien a mineral of doubly refracting type is observed between 
crossed nicols {or crossed polarotds) while the stage b rotated, it is 
perhaps brilliantly Uluminated in certain positions* but is com¬ 
pletely dark in others. Wlien it has been turned into the dark posi¬ 
tion, the l^ht from the polarizer is passing straight through the 
section, but none of it is allowed to reach the eye, as all of it b 
deflected by the analyser. Therefore the vibration dlrecHons in the 
mineral slice now he parallel to those of the polarizer and analyser, 
that bp parallel to the "cross-wires" in the eyepiece. Only by turn¬ 
ing the section into the extinction position can the vibration direc¬ 
tions be ascertained. As the latter are mutually at right angles 
to one auotherp it follows that a section must extingubli four times 
in a complete rotation of the stage. 

Certain sections, when Ijing in the extinction position, may 
exhibit internal structural features, notably cleavage traces, also 
aligned parallel to one of the cross-wires. Such a section has strai^hi 
or par&Ud exiinctim. Alternatively the cleavage traces and fhe cross- 
wires are not parallel in sections showing exHndi&n. It 

should be carefully noted that one speaks of the extinction of the 
section—not of the mmcralp for it b impossible to state a general rule 
that will cover the extinction of aU sections of a particular mineral. 
Far too olten it is assumed that all sections of the same mineral 
must exhibit the same kind of extinction. This Is not the case. The 
Monoclinic sUicate minerals such as augite and hornblende exhibit 
straight p oblique (very' widely oblique in the case of augite), or 
symmetrical extinction, in differently orientated sections. The 
details are discussed under the descriptions of the minerals named. 
Even in Orthorhombic mineral^, sections extingubh straight only in 
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the "principal sections." that is, those which lie in zones panUd to 
one or other of the trystal axes. A section parallel to a bipyramid 
face, on the other hand, may extinguish at a wide angle. 


(8-) Bit^fnttgcncc and Inierjereitce Phettometta, 

Literally, a minetal is birefringent if it causes double retradion. 
Tbe most spectacular result of double refraction is the production of 
interference colours when a mineral section is viewed between 
"crossed polariaers." This property is of the greatest value in the 
identiheation of minerals through tbeir optical reactions under the 
microscope. Even superficial examination of the interference colour 
will show immediately whether the refractive indices of the two sets 
of vibrations involved arc closely similar, or widely separated. More 
specifically, the birelringence of a mineral is judged by the nature of 
the mteTferenoe colours it produces; it is measured by the difference 
between the refractive indices of the rays of maximum and minimum 
velocity passing through it. In theory the measurement of the 
birefringence would involve the determination of the refractiTC 
indices of the fast and slow rays in the mineral; but in practice good 
results mav be achieved by stud>nng the interference colours. The 
measure of the birefringence is {y — «); but these values apply to 
certain sections only: to vertical sections, parallel to the optic axis, 
in uniaxial minerals, and to sections paraUel to the optic axial plane 
in biaxial minerals. These sections will produce the brightest inter- 
fercncc coloiits; but in a rock-slice there will be other sectionSi of 
different orientation^ which will yield duller colours; while those 
cut perpendicukr to an optic axis will produce no double refraction 
and therefore show no interference colour whatever,' 

As specific illustrations we may quote tjuartz and olivine. 

For quartz y = 1-553 For oUvine y = 

it - 1-544 ct = 1-635 

• y —tt = 0*009 y — a = 0*035 

Thus the specific (or maximum) birefringence of quartz is 0-009. 
This value is appropriate to a vertical section only, m a slt^ of 
normal thickness the interference colour is yellowish white. Id a 
thin section of quartzite CMi^ting of grains of quartz lying in all 
possible : >riTiinthfi, every gradation will be seen between tbis yel- 
lowisli white through shades of grey to the completely black 

section. ... ... 

In the study of birefringence a blrefrioftence table is essential. 


I This is true for uniaxial minerals, “d. 
minerals. Actually in the latter cose the section » not quite btack, but a null 

B«y 
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This is ^ coloured chart, showing severai orders of "Newton^s scale/"^ 
irC. the colours of the spectmmp arranged in the order in which they 
are displayed by a quarts wedge. The first order ranges from dark 
grey^ through greyish white, yeUowish white, into yellow, orange 
and red to purple. The second and subsequent orders pass from blue 
into green, then yellow, orange, red and purple again. The scale of 
colours is graduated in order that one may refer specifically to a 
certain shade of colour, which is much more satisfactory than 
attenipting to state what it is in words. The scol^-valu^ o/ an 
Jcrence colour is the product of three quantities; the diffetenoe in 
refractive index of the tvw rays, and the thickness of the slide, 
multiplied by rooo to give the value as a whole number* An average 
thickness for a section of modem make is 30 microns {0*030 mm.)* 
Therefore it follows that the scale-value of the interference colour of 
the section of quartz referred to above is:—0-009 30 X rooo 

— 270.*By comparison, a section of olivine cut parallel to its optic 
axial plane would show a colour with scale-valuc of 0^035 X 30 
X rooo = 1050, corresponding to a light orange-red in the 2nd 
order. Apart from the actual values of the colours, the birefringence 
of quartz is said to be that of olivine, sirong^ 

(9) Dispif&ionr 

In studying the interference colours of some minerals, it may be 
observed that certain sections fail to extinguish completely: they 
pass in a matter of a few degrees rotation of the stage from one deep 
tone to another, but never go completely dark. This is a consequence 
of dispersion—-the sen^uration of white light into its components to 
such a degree that the plane of vibration for red light may be appre¬ 
ciably different from that for blue. There are several different kinds 
of dispersion, but the phenomena axe best left to the advanced 
petrologist who has at his disposal the necessary apparatus for 
studjdng sections illuminated with monochromatic light of varied 
wavelength. • 

(10) InUrfcrencc Figures. 

Valuable mformation conoeraing the optical orientation ot a 
miner^ section may be gained by examining it with a high-power 
obj^tive, using powerful, cofliwrg^ light. Under these conditions 
an interference fi^re should be obtained; and although these are 
often difficult to interpret, they do provide a uieans of distingubhing 
umwal from biaxial minerals, of finding the optical sign and the 
]^itions of the optic axial plane and bisectrices. The most infonna- 
tive sections are those cut perpendiculaT to the optic axis of a uni¬ 
axial mineral, and at right angles to the acute bisectrix in a biaxial 
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one. In ^ average section the chancea are heavily against finding 
one of these ideahy cut sections, so the hgure displayed seldom shows 
its fuU symmet^^^ and its interpretation calls for a good threes 
dimensional sense on the part of the examiner. 



ABC 
FTO. 5 

Dia^nunm^tic repTMentation of lotcderenee Fl|fur«& , 

The stippling represents hands ot interference colours, aud the bladi afw 
the positionB ci isogjTes. (A) iiniaxipj the optic axb emerges at the 

centre'of the cross; (B) bE&xial figure of acute btsectrix: iV is small and 
the isogyre* approach each other, Binmlatiiig m unupdal figure; (Cj biaxial 
figuTU of a mineral with moderately large aY« 


In Fig. 5 three id^ cases are illustrated: a uniaxial (left), a 
biaxial (right) and a pseudo-uniaxiai (middle) interference fi^e 
respectively. The biaxial figures are drawn with the optic axial plane 
in the 45“ position, and the degree of separation of the two black 
hyperbolae su^ests the size of aV. These three case represent a 
continuous series in which the optic axial angle i»ogressivdy 
decreases until it becomes zero. Thus the uniaxial mioeml is the 
limiting case of the biaxial. 

The ffpiital «g*». wliether positive or negative, may be readily 
deduced from the changes in the interference figure seen on intro¬ 
ducing the accessory plates. In brief, if the vibration parallel to 
the uniqAc optic axis in a uniaxial mineral, or to the acute bisec¬ 
trix in a biaxial one is slow', the mineral is positive, and conversely. 


CHAPTER TWO 


DESCRIPTION OF THE CHIEF MINERAL GROUPS 
(l) If^oditcthn : Classtficution. 

The rock-fonning minenils may be variously classified, according to 
the part played by them in the structure and composition ol rnocks, 
A useful division is into primary and secondary, the former being 
farther divisible into essential and accessory. An essential mineral 
is one whose presence is implied in the definition of tlie root. An 
accessory mineral is one whose presence or ateence does not 
sensibly affect the character of the rock. Thus, quartz, feldspar and 
mica arc essential coutitutents of granite; while zircon, sphene and 
apatite are acoes^ry. It should be realized that an occasional 
accessory mineral in one rock may become an important essential in 
another. For example, although quartz is an accessory in some 
gabbros, it is the characteristic minerEa of granites, and no rock free 
from quartz can be termed granite. The accessory minerals are 
sparsely distributed; but although only one or two may be seen in a 
hand specimen, others come to light when thin sections are examined. 
To make a complete list, samples of the rock must be crushed and 
the heavier minerals separated by liquids of high specific gravity. 
This method has been successfully applied in the study of a number 
of igneous rocks, and has resulted m a considerable advance in our 
knowledge of the distribution of the more uncommon constituents.' 
^lany of these accessory minerals are among the most stable and 
most durable components of igneous rocks. They thus persist after 
the essential minerals have been destroyed by weathering, and by 
their presence add distinctiveness to the sands and other ^diments 
formed by the degradation of igneous rocks. Their detailed study is 
now an important branch of petrology (see Vol, If of this work). 

Minerals arc secondary when they have resulted from the altera¬ 
tion or reconstruction of the original minerals (by weathering, or 
as a result of metamorphism). In altered rocks both essential and 
accessory minerals may be replaced by secondary ones, 

It should be noted that a mineral may bo primary in one rock, 
but secondary in another; thus primaiy quartz occurs in granite 
while secondary quartz is liberated as a result of weathering of 
several species of rock-forming minerals. 

‘ See, tor estample, Rutall anc^ Wilcockua, Quvt. Jintrn, Gtoi Site 
txx» (1915], p. 592. ■ 
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In the account^ as far as practicable the primary' essen¬ 

tial minerals of igneous rocks are described £rst« followed by the 
characteristic secondar^*^ minerals formed from them weathering 
or otherwise. Then the accessory minerals are described, roughly 
grouped according to mode of origin. There is some inevitable 
overlap between these different categories. 

As it is not our intention to attempt to compete with standard 
text-books on mineralogy, much detail conceitiiiig the physical 
properties of the minerals has been omitted: such detailp if required, 
can be readily obtained from one of the standard works of 
reference* 

(a) Cmsidtraiions CQmernitig Atomic Structure. 

In these chapters the description of most groups of tlie rock- 
forming minerals is based on their atomic structure^ as revealed by 
X-my anal}^. The actual technique involved in the latter, ind the 
interpretation of the experiment^j data are matters for specialists; 
but the results of their researches are most illuminating to the 
student of mineralogy^ particularly as regards the diemical relation¬ 
ships between allied mineral species, and the mlcrdependence be¬ 
tween physical characters and the intimate internal atomic structure. 
We have of necessity drawn largely upon VV^ L. Bragg's invaluable 
account of the atomic structure of minerals. One great diffi^ty 
arises in connection with using the results of X-ray analysis: it is far 
from easy to make a useful illustration representing an intricate 
atomic design in three dimensions. Those which we have introduced 
must be regarded only as diagrams-—they are only first apprexirna- 
tions to the truth; but as a teaching device they have their place, if 
for no other reason than that they help to make sense out of the 
otherwise meaningless string of si^inbols which represents the com¬ 
position of any one of these minerals. 

The component atoms or groups of atoms are held together by 
dectrieaf forces of attraction between oppositely charged bodies of 
minute size. Those carrying a positive charge are termed cations; 
those with a negative chaiige are anions. For the .sake of simplicity 
we may speak of the sisse of an atom, meaning the atomic radius, 
which is the distance, measured in Angstrdm units, at which mutual 
repulsion sets in when two atoms of the same kind approach one 
another. 

In the essential minerals of igneous rocks we are dealing largely 
with silicates, combinations of silicon [SiJ with oxygen (O), 
these being associated with cations in variety^ Those commonly 
occurring include the followings in order of increasing the 
atomic raditis being stated in brackets in each case:— 
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Si (o'39) Na (0*98) 

A 1 {0'57) Ca [i'o6) 

Mg(0'78) K (1-33) 

Fe (0 83) 

The anions are much less varied. Among them oxygen ( 0 , 1-32) 
plays the dominant nflle. but in certain minerals hydroxyl [OK. 
1-32) or fluorine (F, iv33) may replace it to a limited extent. Now 
all these anioas are large compared with the cations; and we may 
regard the mineral structures as consisting of closely packed anions 
(chiefly oxygen), with the small cations tucked into the interstices 
between them. With some of the more complex minerals the number 
of kinds of atoms may be large, and the atcmiic design may be 
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na, € 

TetniiMran Suiid SiO^-group, 

The siUcon atom is hidden betw^n the lour large Dx;^feti atom^, 

ol which ita centra at a a>nier Qt the tetrahediOD. Tb® hisjsk spot shows 

a Si-fttom to sani® scale as 

edingly intricate; but just as an imposing modem skyscraper is 
built up of relatively Lnsigaificant blocks of building material, so 
these involved atomic structures may be resolved into simple units 
of structure. For our purposes only two such units need be recog- 
In the four oxygen atoms are closely packed round a 
silicon atom, giving an SiO*-group, The oxygens lie at the cSsmers of 
a tetrahedron, and the silicon is of such a size that it fits snugly into 
the interspace between themp as shown in Fig. 6. The second funda- 
mpital uiiit of structure comprises six oxygens in dose contact, 
lying, a$ it were, at the comers of an octahedron. There is space 
between them for a lafger catiou than a silicon, and atoms of mag¬ 
nesium, aluminium or iron commonly occur in such ''six-fold co¬ 
ordination” with the anions surrounding them. Each and every 
cation shares its charge, whether of one, two, three or four units, 
with all the anions by which it is inunedLately surrounded. Thus an 
Al"' in the centre of an octahedral group of O's, has a positive charge 
of three units to share among tlTe surrounding six O's, and therefore 
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contribates a charge ot + i to each+ On the other handp a BilicOfi 
(tetravalent with a total charge of -]- 4), in an SiO^ tetrahedron ^ 
contributes + i to each of the surrounding oscygcns. This is 'Taut- 
principle.” In both cases died, as oxygen is divalent, that is 
has a charge ol 2 units, it follows that there must be a midu^ 
electrical charge on these: units of stmchire. But the whole edifice is 
compounded of such units p packed together, with interspaces avail¬ 
able for the Introduction of as many cations sfe are necessary to 
balance out this residual negative charge. There must be uo residu^ 
charge of the kind we have visualized, in a stable mineral. This 
necessity of balancing the total positive against the total negative 



ria. 7 

The atomic structuns ot Oliviae 

A small portion of a tingle row of SiO^'tetraticdri witti the woc^ted (nations. 
Mg and Ftp shown in black. ThU row is paraUcl to tht b-axii. 

charge provides a check on the accuracy of a formula representing 
the composition of a mineral. 

In the following account we describe the essential rock-formmg 
minerals in the order of increasing atomic oomplexity. 

THE OUVINE GROUP 

This 5^up comprises a number of important rock-forming sih- 
cati^. In all members of the group the essential plan of the atomic 
structure is the same* isolated SiO^-tetrahedra arc packed together 
in lines parallel to the cr>^tal axes. In any such line pa^el to the 
axisp they all point in the same direction (Fig. j} \ but In altem^e 
lines the tetrahedra point to the left and right* as shown in the 
spaced diagram of Fig. S- The individual teti^cdra are joined one 
to another by the catioiiSp which are arranged in six-fold coHsrdma- 
tion with the oxygen atoitiSp which* as the diagram shows^ belong 
to different adjacent tetrahedra. 

Thus the unit of structure Is the single SiO^-tetmhedron. 
the negative charge of 8 units supplied by the oxygens, the Si 
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offers a positive charge of 4 units; therefore on each tetrahedrcHi a 
negative residual charge of 4 units remains to be balanced out by 
the addition of the requbite cations. In the several members of the 
olivine group the latter indude Mg", Fe", and much less commonly 
Mn" and Ca". If ah the necessary cations are Mg", the formula 
becomes MgjSiO^, which corresponds to the natural mineral for- 
s tori to. If iron b used exdusively, the corresponding mineral b 
fayalite, represented by Fc*SiO.^. These twro orthosUicates, as they 
are cahed. are the end-members of a continuously variable scries, in 



ns. fl 

TTip atomic stmetuTv of Olivia? represtiiitad fomiAU^. 

Larsp wcIm— ojcyfieiia: amall circles—sflicoiw; bLocIc—mAgarsiums ud/or 
irtms. Two rows of SiO*-tetratiMira ife wq with tbeir oKyg^ens in planEa. 
pAjAllel to (too), Eub tetTAhedroii is as 30 ciAt?d with tbi^ metallk 
catwne FeT): ttmac thre«9 »re Ait?tiiAtdy behind (top raw, left), aod 
in front of, the tetrAhedroa? u ahoim in Fig. 7+ 


which the rutb of Mg to Fe varies from 100 : □ to o : loof Such a 
series may be ^bdivided arbitrarily into a number of mineral 
spedcs, with agreed ranges of composition. Unfortunately, in this 
case, agreement has not yet been reau±cd a$ to how many divisions 
should be erected, but wc show two recent sii|pgestiofis in Fig. g* 
To avoid misconception it is necssssaiy to use a s^Tiibol, ki addition 
to, or instead of, the mineral name. The symbol indicates accurately 
the molecular percentage composition: thus if pure foraterite is 
represent^ by Fo and pure fayalite by Fa, the symbol Foj, Fa^ 
gives full information as to the composition of this particular speci¬ 
men. As a matter of interest it may be noted that if names were 
used, this would be hyalosidcrtte (Wager and Deer), chrysolite 
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(TomkeiefI), but in the original description of the mineral it 
called hortonolitt J 

The stability conditions controlling the crystallization of the 
meinbers of this series have been studied experiment^y.^ Under 
laboratory conditions the temperatures of crystallization (melting 



]X)ints) range from approximately 1,890® C+ for pure forsterite to 
1^205“ for pure fayalite (Fig. 9)+ The diagram shows that for an 
olivine of composition Fo^, crystallization commences at atout 
1,650^ C.* and that the first^formed crystals are considerably richer 

* Warner, P. A„ PlatiHun DfpasiU and e/ S. Africa, L^^adon, 

^ *^wen, N. U ifld Sduiuer, J. F.. 'Jhc System UgO-FeOSiQ^.*' Amer. 
Joum. Set., xxix imSh P ^5^- 
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in Mg th™ the original melt.* As the temperature faUs^ the composi¬ 
tion of the growing cr^'stals dianges, becomirag progressively richer 
in Fe. With relatively rapid cooling the successive layers of crystal¬ 
line material may survive as distinct zones of different composition ; 
the core in such a zoned crystal must ba relativeiy rich in Fo, while 
the outermost zones roust be correspondingly rich in Fa^ the lower 
melting point component.^ 

Reasoning on similar Hnes^ early-formed phenocrysts in a lava 
should be [and are) richer in Fo than the smaller crystals in the 
groundmass of the lava. Further, among the latter those of largest 
size^ which presumably started growth early and at a relatively 
high temperature, arc more richly inagnesian than smaller ones, of 
later, lower-temperature formation. 

The discover^' of these facts concerning the variation of composi¬ 
tion in successive crops of olivine crystals, and even within large 
single (flivine crystals, is only possible if means exist for accurately 
determining the compositions of the specimens under consideration. 
Obviously careful chemical analysis wiU give the desired informa¬ 
tion; but there arc certain less costly available to the petro- 
logist. In any continuously variable scries like the olivines, the 
phj^ical. including the optical, properties vary systematically with 
the composition. Much useful data has accumulated from the study 
of isolated olivines, and has been used to construct curves showing 
these variations fFig. lo). Two sets of measurements have proved 
valuable in this connection: (i) the size of the optic axial angle, 2V 
(measured in the mineral), or 2U (measured with the Universal 
stage); and (2) the refractive indies, more especially the mean 
index p measured with a relractomcter. Unfortunately the actual 
measurement of the^ properties is a matter for the specialist: they 
inwlve methods and apparatus not normally available to students. 
It is not practicable to detennine the composition of an olivine by 
any of the simple methods, such as extinction angle, used in other 
^oup$ of minerals. While therefore one must be satisfied ftierely to 
identify the mineral genericaUy, as it were, it is possible to go a long 
way towards specific identification in the light of the following facts 
concerning the distribution of the diSerent members of the group. 

Bowen and Schairer have shown experimentally that Mg-rich 
olivines—forslerite, chrysolite and hortonolite are unstable in the 
presence of free silica. Therefore under normal conditions, these 

< Diaw a votical line troin SO to cut the iiquidas cuivCk tbeo a bodfpntBl 
line through this point shows thft tEmp«rstur« at which cryistidli^tion cora- 
mences; while the point where the horueonEal line cuts the ciir%‘e indi' 

cates the compositidn ot the flrst-foinieti crystals. 

I Totiikdeir. S. I., ‘■|k>Qed Olivines aetd their Petrogeaetie Si^rlficaccfl," 


DESCRIPTION OF THE CHIEF MINERAL GROUPS 47 

membei^ of tht grotip are not ffJimd in association with quartJ: no 
granitic rock can contain these members of the group. But olivine 
rich in Fe can exist in the presence of free silica, though even here 
there is a limitation: the temperature must Ik relatively low to 
bring it within the temperature-range of granitic magm. This is 
merely another ;vay of stating that the only kind of olivine which 
can occur in a granitic association of minerals is nearly pure fayalite. 
The latter has now been recorded in a number of quartz-bearing 



FJC. 10 

Diaaram shawinK v*riatioa in the siie of the optic Mcial angtc re- 

Inetivo indices, in the olivine g»up. Dalo/rom Bewm ajui Sekairtr, fVagw 
and Dttt, flMd 


rock-types induding pitchstoncs from Arran, Scotland, ^ obsidian 
from the Yellowstone Park, quartz-porphyries and rhyolites from 
Nigeria, etc., but it stiU remains a r^tive ranty. The obvines, ex¬ 
cluding foTsterite and fayalite, are typicaby components of the 
sibca-poor {basic and iiltrabasic) igneous rocks, The amount is 
greatest in certain ultrabasic rocks, significantly termed oUvinites 
and peridotites, and is only little less important in certam b^ic 
igneous rocks such as obvinc-gabbros, troctolites, and 
basalts. S«ne of the last-named contain scncalied "olmne-nodules, 
hut these are reaUy smaU pieces of peridotites that were picked np 

♦ In Fig. 10 ,' 'aW' is the optic asdaJ aaglf rocMured on the uoivcrs*! «t«ge. 
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by, and incorpoi^tod in^ the magma duriiig its uprise towards the 
surface. Well-kno^ examples occur in the Carboniferous basalu in 
Derbyshire. Now in aU these rocks there is a preponderance of the 
FoH3omponent over the Fa-oomponent, and with few exceptions the 
general rule may be enunciated that the more basic the rock, the 
more richly magnesian the olivine; the more siliceous the rockl the 
more ferriferous the olivine. 

The end'-member—^foraterlte—stands in a category by itself; it is 
a characteristic produrt of the thermal metamorphism of magru^iaT^ 
limestones and dolomites which contained the necessary silica in 
the form of detrital quartz grains, sponge spicules or tests of radio- 
l^a. The double carbonate breaks down into caidte and magnesite 
but the latter goes further and yields up CO,, leaving MgO (magnesia} 
free to combine with the silica:— ' 

MgCOj. CaCOj -*■ CaCOj (calcite} + MgO (magnesia) + CO,. 

2 MgO -t- SiO, = Mg,SiO,. 

The o^^tals and grains of forsterite are embedded in a matrix of 
ciy^tallinc calcite, and the rock is termed foisterite-marble. 


Generai Characten of the Group. 

All members of the olivine group crystallize in the Orthorhombic 
system; but although olivine is a common mineral, wcU^fonned 
crystals arc rare in ordinary mineral coUections. OUvine sands 
formed at wnw points on the coasts of the oceanic volcanic islands! 
such M Hawaii, consist largely of singularly perfect, though small 
crystals, concentrated naturally out of the olivine-basalts which 
form the coastline. Many of these small phcnocrysU are tabular 
With the pinacoid (too) well developed, combined with the vertical 
prism (no) and dome (loi). Other characteristic crystal habits are 
illustrated in Fig. ti. On account of the dominance of the tabular 
habit noted above, m thin sections olivine tends to show six-sided 
cross sections of chamcteristic appearance (Fig. irq). In aU members 
of the group the refractive indices are high, and strong surface 
rehef. combined with complete absence of colour, the dominance of 
arcuate fractures over iU-devdoped deavages.* and the strong 
biremngence, serve to render olivine easy to identify. The hire* 
fnngenoe of an oli%nne of known romposUion may be read off the 
curve in Fig. lo; that of fayalite is very high. All olivings are prone 
to alteration m a distinctive maimer, and in a representative coUec 
tion of scclions from olivin^basalts, aU stages from incipient altera^ 
tion to complete pseudomorphism may be studied. Commonly 
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fibrous antigorite (p- 102 ) and/or chiysotUfi appear, first along the 
fractures, then they spread throngh the body of the crystal. Less 
ubiquitous secondary minerals formed from olivine include bow- 
lingite, a much more strongly coloured ^^serpentme,^* yellow to 
reddish brown in thin section and with strong double retraction. In 
other rocks the olivines have been converted into ferruginous 
pscudomorphs, particularly where the basalts were weathered under 
aeolian conditions. In lamproph^Tcs, and occasionally in other 
rocks, the pseudomorphs may consist largely of carbonate, with or 



Combination oi two vertical pnaniH, aide pinaeoid, braebyprism {OklJ, 
macioprism {bOl) (sometimes tailed domes), and bipyramid. 

Crystal on right (mm St= John, Red Sea, show? basal pinacoW ifl addition, 
sJbo two bfachypriscis and two bipyramids. 

without some form of silica such as opal, chalcedony, or quart* 
mo^ic. 

Monttcellite is simibir to oli\ine in its cf>^$tallo^phic characters 
and optical orientation- ft is the corresponding silicate of calcium 
and magnesium, with the formula CaM^iO^. Under the microscope 
monticeUite closely resembles olivine in all its optical properties 
except birefringence vrhtch is less than that of olivine. Its retfactive 
indices, and therefore its surface rdief> are ne^ly the same as those 
of Mg-rich olivine {« = y = i'668: with y — a 0'0i74). 

Monticeilite is a rare mineral. It has been recorded in a 
type of melUite-bearing, feldspar-free lamprophyre (monticdlite- 
alnoite) from a locality between Montreal and Ottawa, and occum 
also in melanocratic olivine-nepheMnite from the Swabian Alps. From 
experimental work on diopside-nefheline melts^ N. L. Bowen has 
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shown that monticellite is produced (together with melilite) as a 
product of interaction between these two minerals.® 

Tephroite is bostmctural with the olivines but is not a normal 
constituent of igneous rocks. It is the orthosilicate bf mangan^e 
with some titanium replacing silicon and in some instances with 



no. t3 

Fart of A chain of SiO^-tttraliedra, as in pyro^Hneti. The unit pattern 
cDntaJnj jliewa tiba^led. Si-atams ahown hy bToken clfdejt; lirg# 

chiles are 

[OH) repladng some of the oxyged. The formula is approximately 
Mnj(SLTi) 0 *. In this country tephroite has been dkcovered in the 
old manganese mine at Benallt in the Lleyn Peninsula^ North Wales.* 


THE PYROXENE GROUP 

The pyroxenes constitute one of the most important groups of 
rock-forming silicates. Compared with the olivineSp they contain a 
higher proportion of sihca to the bases present^ and are thus 

Id different mernbers of the group the elements irodr 
magnesium, calcium and sodium are present in widely varying pro¬ 
portions, together with smaller amounts of aluminium, manganese, 
titanium and lithium in some species. 


« Atftw. SfVp sfr, voL iti (1922)^ p.i. 
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Aitutiit Struclmit mid Ch^tniad lUisiionships, 

The study of the X-ray structure of the pyroxenes has shown ^at 
the fundamental SiO^-tetrahedra are linked together vertically into 



Di&gTBjn BbDwin^ Uwi structure of diopsid*. 

Portions oi three pwallel pyroxeM clwi“, projerted on 

unit ceH is oadineil, hut only part of ita content* aie shown. Sr hlaclc, 
plain; Mg" stippled; Ca" mlcd. 


chains, each tetrahedron sharing two oxygens with those imme¬ 
diately above and below in the diain. The individud aff 

joined together thjrough the medium of the cationSp , Mg ^ e , 
etc., which are linked to the "free'’ {i.e. not shared) oxygens. In ah 
pyroxenes the chains nm parallel to the vertical crystallograpluc 
axis, and are arranged in sheets to (lOo). The essential 

features are shown diagrammatically in Figs. 12 and 13- 

Thc form and disposition of the chains determines the positions of 
the cleavage planes (Fig. 14). These are parallel to the pnsmfa^ of 
the pyroxene crystal, and cross at a characteristic angle of 8? 

^ 'munit of pattern in the pyroxene chain contains SijO*. To 
balance the valency two Mg" ions must be added, pving Mg^Si^Q*. 
which, of course, may be cancelled down to MgSiOj—magneaum 
mctasilicate-or the mineTal enstrftlta. Theoretically m ferrosIUte 


i /06O 
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^ the cations are Fe", the fonnula being FcSiOj, metasilicate of 
iron. Between these two extremes every gradation exists. A third 
essential component of the pyroxenes is the corresponding metasili^ 
cate of calcium, CaSiOj, which is the foittnila of the mineral wollas- 
tooite.^ Now ignoring certain minor constituents, the composition 
of the pyroxenes may be represented by points on a triangle (Fig. 15), 



R6, 


]>ii«ram thowio^ the feta^nship between the atntnie stroetwe mod cleevue 
The linked a-O ch^ me shpwn in plan and trf* posi^a 
catwna (notsbown)isstippkd.ThepUnei 
of are shown by h^vy liacs, and the resulting cleavage direc- 

tioas by broken lines, a and A axes shown; e is perpendicular tg tlw paper 


s^lar to that used lor the plagioclase feldspars (Fig. 35). The apices 
of the triangle t(!presciit th& pure nictasilicates of calcium^ repre- 
sented by Wo, magnesium, written En. and iron, written Fs. AU 


> AJthough cafciuTO metaailicate, C*SiO„ here represented by Wo » an 

^ T”'pyroxenes,the miqeralWDlliistonjte, 
mth the same fonnata. is not a pyroxene, u it has a diffeient atomic stmetare 
IJL” f aoraal ^nstitoent of igneous rocks, but » chancteristic of the 
thermaJ alteration of limestones. As foUastrinite k like the pyroxenes, thoneh 
not isomorphous with them, it hae b«n termed a '’pytoxeaSid." 


4 
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pyroxenes my be represented by a simple formula expressing the 
moLecuIar percentages of these three components. The base of the 
triangle embraces all possible proportions of En to Fs, thus covering 
the compositional range of the important groiip of orthopyroxenes, 
and the chemically identical monoclinic eqtiiv^ents. The naturally 
occurring members of the enstatite-ferrosilite series contain a small 
amount, usually between 4 and 5 per cent, of the Wo component. 

The mineral diopside (Di). with the formula CaMgSi^Oa. is repre- 
sartted by the point half-way between \Vo and En: and similarly the 
analogous silicate hedenbergite (Ke). CaFeSLO^lies half-way be¬ 
tween Wo and Fs. A continuously variable series links Di with He, 



no. 

Triangniar diagrajn ihowiag the compouikpiui relatiotisiliipa betw^n 
the tommaa 


No pyroxenes Ue above the Di-He line; but there remain some of 
the most* important pyroxeneSp which in theo^ go far towards 
bridging the gap between the diopside-hedenbergite series on the one 
hand, and the enstatitc-fexrosilitc series on the other. Hiese are 
grouped as the pigeonites and the augites—both dinopyroxenes, 
but distinct rruneral species. Pigeomtes are calcium-poor; they are 
related in composition to the orthopyroxeneSp but differ from them 
in containing more of the Wo component. H. Hess suggests a 
range of \Vo^ to Wo^j, 

The augites he betw^een the pigeonites and the dlopside-heden- 
bergite series. The most important component not shown on the 
triangle is alumina ^ a moderate amount of which is present in both 
augitfs and pigeonites. * , 
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(l) ORTHOFYROXENES: THE ENSTATITE-FERROSILITE SERIES 

In the past several names have been applied to diHerent members 
of the senesj but they have been used in more than one sense. There 
is much to be said for erecting arbitrary divisions at the same moLe- 
ctilar percentages as those used in the oUvine and plagiodase groups^ 
at tOp 30p 50p 70 and 90. This involves the recognition of six 
mineral species in the serieSp* the names and ranges of composition 
of which are shown in Fig. 15, 

The conditions controlling the crjrstallization of the emtatite- 
fcrTEKiJite series have been studied by Bowen and Sdiairer * who 
have shown that pyroxenes within this range of composition may 
occur in two forms, one orthorhombic* the other monodinic^ The 
monoclinic forms arc known by the same names as the orthorhombic 
oneSp with the prefix dino-: thus dino-enstatite* clinoferrosilitep etc- 
The rT\onoclinic forms are high-temperature minerals* produced 
under laborator)^ csonditlonSp and occur also in some meteorites. On 
the other hand ^ the orthorhombic forms are loiv-temperature minerals 
and the more magnesian members are widely dbtiihuted in igneous 
rocks, Feirohypersthene b relatively rare, eulite is practically re¬ 
stricted to a peculbr group of rocks (eulysUes), whQe ferrosilite is 
exceedingly rare: it b^n recorded from small geodes in rhyo¬ 
litic obsidian.} It b s?gq.ificaiit that the most ferriferous pyroxene 
occurs in the same kL.irf of rock as the cortesponding member of the 
olivine group* fayahte. Similarlyp orthop>Toxenes which crystallize 
at high temperatures are richer in Mg than those which separate at 
lower temperatures. Therefore as we pass from more basic to more 
acid rocks, the pyroxene changes from magnesium-rich to iron-rich. 

The general similarity between the members of the olivine group 
and the orthopyroxene$ will have been noted: both contain the 
same elementsp but in different proportions. The addition of silica to 
any member of the olivine group converts it into the corresponding 
orthop3rroxene: thus forsterite with additional silica yields en- 
statite; fayalile with silica gives fenrosilitc:— 

MgaSiO^ -1- SiO^ = 2MgSi0j {enstatite); 

Fe^SiO^ + SiO. = iFeSiO^ (ferrosilite}. 

Similarly it is known from the results of experiments that an 
orthopyroxene melts incongruently into the corTesponding oUvine, 
with the liberation of silica; conversely, on cooling a basic magma 

j Polder^-aarl, A,, 'The f^elatidiulLip of OrtJiopyioiMJDe to Pigeonite,’^ Min. 
Afay, XKviji (1047), p. 164- 

' Sjfdem MgCJ-FcO-SiOiK"" Am^r. Joum~. Set., siiii (1933), p. 

1 Bowcq, N. L,, 'Terrosiltle a ^ Natural S[ineral/" Am^. /MtrB, Sd.. 
p-48*. • 
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containing the ^saential components ol an orthopjTOxene, the first 
crystals to form are olivine {see p, 172). 

The r6le of orthopyroxenes as rock-foitqers is an importMt one. 
As they are all stable in the presence of silica^ they occur in rocks 
covering a wider silica range than is the case with the olivines. Thus 
hypersthene is found in the ^^acid^^ hypersthene-granlte^ chamockitep 
in the "intermediate” hypersthene-diorite; it is best knowo, perhaps, 
in the "basic” hypersthene-gabbros and norites, while the ultra^ 
ma£c rocks include nearly monomincralic types such as bronzitites^ 
etc. In the fine-grained eateries, the orthopyroxenes are best 
developed in the andesites; while in the medium-grained "dyke- 
rockSp” hypersthene is characteristic of certain types of doleritCp 
particularly those which are quartz-bearings 

A special characteristic ol much of the hypersthene and broimte 
of the coarser-grained igneous recks of basic composition is the dear 
evidence they afford of the inversion of these minerals from pigeon^ 
ite. The orthopjTroxene in these <^ses exhibits regularly orientated 
indusions of clinopyroxene^ in coarse-graiiied rocks arranged as 
sheets parallel to {too) in the more magnesian* and parallel to 
in the iron-rich types.^ These orthopjToxenes with reguLarly orien¬ 
tated sheet-indusions of dinopyroxene are chemically eqnivaJeot to 
pigeonite, and the phenomenon is a striking example of exsolution. 


(a) CLlNOrrROXENES. 

[a] The Dfopside-Hedenbergite Series.— As noted above^ this 
series is continiiously variable between the two end-members, and 
with decrease in the Wo component ^ they grade down into the 
augites: the division between the two series is quite arbitraryp and 
may be drawn, following Hess*^ at Wo^j. Typically the cnembers of 
the series occur in metamorphic rocks: typical diopside is found in 
skams and other metamorphosed limestones: but augites near to 
diopside'in composition are characteristic of the kss basic igneous 
rocks, particularly the fine-grained add and intermediate lavas of 
the rhyolite-trachyte range, Hedenbergite, too, is rare in igneous 
rocks, judging by recorded occurreneesp but hedenbergitc-grano- 
phyrcp a thoroughly add rock, has been described from Greeiiland ,3 
With increasing iron content diopside passes into salite^ and ferro-^ 
salite^ and ultimately, of course, into hedenbergite+ 


» N. F. M., Lamellar Stnittures in Orlbopyroifines/* Min. ^fai., 

of the Common Mafic Magmas '* Xwff, Min 
unn itaAiX iio Md S?1“594. Also AmfT. Min., XJWiv (l949)- P off- 

Tli Ld W A , -TheP^tml^ of the In- 

trosioa/' tm Crpnlaitd. Bd- loj, Nt. ^'^l934^ P 
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(ft) Pigeonttes.—Pigeon it are so named from the lava$ of Pigeon 
Point, Minnesota, which contain a pyroxene of this type. Formerly 
they were known ae ‘'enstadte-angites." They are essentiaLy com¬ 
ponents of andesitic and basaltic lavas or dyke rocks: they are not 
found in coarse-grained, slowly-cooled rocks, for under these condi¬ 
tions pigeonites are unstable, and invert into orthopyroxenes with 
e^lv^ inclusions of augite. In rapidly-cooled rocks, however, 
pigeonite may persist indefinitely in a metastable condition. Occa¬ 
sionally there may be a slight colour diflerenoe between pigeonite 
and augite in the same rock, but in general the distinction is not 




Crystal ijI augite. Crystal of augite twinned on (mo). 

A O^optoacoid (loo). 

& Ctinopiinicoid (qio). 
m Fril&in (no), 

J Htfmi-btpyiWnsd 
(Afifr E^>!^inb^ticA^} 


easily mAde. and h best left to the expert. Measurement of the optic 
a^al angle, myolving the use of univeraal stage, and the determina¬ 
tion of the position of the optic axial plane, are involved^ For augites 
the latter is always parallel to foio); but in pigeonites it is normally 
perpendicular to the plane of crystaJIg^raphic symmetry'. 

(c) Auftites.-—Augitc certainly holds the centre of the $t^e so f ar 
as the student is concerned. In one form or another it is by far the 
most widely distributed pyroxene. The familiar black augites, as 
shown in Figs. 16 and 17, are among the best known monoclinic 
crystals available for study. As a component of the more basic 
Igneous rocks augites are ubiquitouSp and are especially diaracter- 
istic of basaltsj doleiites and gabbros. Common augite has an average 
comp^ition reprinted by Wo^En^^Fs,^, and is of the type seen in 
countless doleritic and gabbroic rocks. But there are at least two 


i /onntrly applied to a pyrexeae 

^ -w^-callH sahtc nr aaiilrte structure; bSt Juliawin^ Hess 
and otbers, la hesre used ais a speiatu- fnmerai uania. 
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important variants: one containing; appreciable amounts ot titaniuin 
—^this is dCaanuglte, and the other is a sodic variety, grading 
into aegirine (see below) and therefore termed aegirine-augite* 
Both are distinctive in thin section. Titanaugite, which is charac¬ 
teristic of somewhat aikalinc basic igneous rocks, is mauve to lilac- 
brown^ slightly pleochroic and exhibits strong dispersion. Aegirine- 
fiugite is supcrhcially like acgirine in oolouip being bright green and 
distinctly pleochroic, but has the characteristic widely oblique ex¬ 
tinction ol common augite. Like aegirine itself^ aegirine-augite b 
found in alkaline igneous rocks and is often associated with such 
strongly sodic minerals a$ nepheline and sodalite. 

(di Aegirine and acmite^ are essentially'the same in chemical 
compositionp which may be represented by the formulap NaFe^'^SIjO^. 
In hand specimens they occur as black lustrous prisms, sharply 
pointed in acmite. While In thin sections they exhibit the general 
properties of augite, they differ in sign [aegirine, negative: augite, 
positive); in the sIm of the extinction angle (see Fig. iS); and in 
being dbtinctiy pleochroic, Tj^ically for aegirine the scheme h :— 

X, bright grass green; 

Y* greenish yellow; 

- 2, brownish yellows 

Acmite, by contrast, b brown in thin section. 

Confirmation of tlie diagnosb is afforded by the small maxuntim 
extinction angles about 5®. 

Optical Oricniation. 

In all pyroxenes but one the optical plane of symmetry coincides 
with that of cr^-stallographic symmetryp parallel to (oio). In 
pigeonite it appears to be perpendicular to the (oio) plane. It follows 
that the maximum angle of extinction will be read in the (oio) 
section, £^d this angle provides a ready means of finding the approx-^ 
imatc composition of a pjTOxenc in thin section. Schematirally 
these angles are set out in Fig. 18, The angles marked in tlie comers 
of the "fans*' to the left of the middle line are those between the 
slow vibration (Z) and the cleavage traces. The complementary 
angles, between the fast direction (X) and the dcavage-t races are, 
of course, found by Bubtraction from 9^®^ Certain confirmatory 
observations have already been mentioned for specific minerals. 
Some general points require notice. Tlie distinction between ortho- 
pyroxene and clinopyToxene in thin section is not always easy. In 
general two criteria are relied upon i the extinction and the birefrin¬ 
gence. It b commonly stated that s^tions of ortliopjTosene (or any 
» Sabine, P, A . Afpn. xw ( 195 ^). P 
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orthorhombic mineral), must show straight extinction; while augite 
(or any other mouodinic mineral) mti$t extinguish obliquely* Neither 
statement is wholly true. Sections of orfhopyroxene show straight 
extinction when^ and only wheo^ they lie in a prindpal zone: f.tf. 
such sections as those parallel to (lOo), (oio), (ito)> etc*: but a 
^^skew” section cut parallel to a bipyramid face, for example^ will 
show oblique extinction at possibly a wide angle. On the other hand, 
a section of dinopyroxcne will show straight extinction to the 
prismatic cleavage-traces in a (loo) section; but it will show oblique 
extinction, as noted above, at the widest angle, in the (oio) section. 



nc. i8 

Diagram qf tht extinctEOn in monoeUnlc pyroxents in srcctkiiia parallel 

to the aide-pliifiqaid (oto). The v^rtiEsd line (O) leprueala the vertical 
cios^wijiG; the aides of the tma correspond to the cleavage triices on (oro) 
settiom in the extmction pcditiona. 

Symmetrical extinction is exhibited by the section pcrpeadicular to 
the cleavage planes. AH three cases are illustrated in Fig. iq. 

As regards birefringence, that of the orthop3^oxen0s is uniformly 
weak, and grey mterference colours are characteristic. But certain 
sections of clinopyroxene will exhibit the same colour between 
crossed nicols,^ if they happen to be cut nearly perpendicular to one 
of the optic axes. It follows that it would be unwise to record the 
presence of orthopyroxene in a rock containing augite, on the 
evidence of grey mterference colours or straight extinction alone; 
one su^ section lying in the company of others showing o-bUque 
extinction and the characteristic yellow* red, purple or blue of 
augite, should be viewed with suspicion—it is probably augite too. 

The distinction of enstatite from bronrile and hypersthene de¬ 
pends upon the exact measHreftient of certain of the optical diar- 
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a^cterSp particularly the size of 2V* and the orienta^tion of the indices. 
It is customary to refer to as hypersthene any orthopyroxene which 
is pleochrolc; but too much must not be expected- The colours ^own 



Scctksaa throii^li aafite crystal drawn in the txtinctlQn positions. SS— 
slovf vibratioii; FF—fast vibration direction. Th* (100) sectioo extio- 
gniahcs straight j the basal Motion, aymmetiicaily^ and the (om} frcclion 
oblvqtiely at the maiirdum angle. 


are very anaemic^ and rather like those exlubited by andalusite— 
from watery pale bluish green to equally light pink. 

As most of the pyroxenes arc members of oontinuously variable 
series, soning is common. Some titanaugites in particular are note^ 




FIG. 

Zrt nmg; honr-glais strycluro in augite Ln lampitiphj^, SfChlOrzea, Mittel' 
gebirge, Bchemiii. 

worthy on this account, particularly when examined near extinction 
betwieen crossed nicols. Hour-glass structure (Fig. 20) is a kindred 
phenomenon which results from the selective adsorption of ions by 
different faces during growth. The combination of hour-glass struc- 
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ture with zoning gives some of the most strikiig colour effects to be 
seen in rock sections. 

THE AMPHIBOLE GROUP 

The amphiboles form a large group of complex metasiUcateSp and 
are ohemicall^ related to the pyroxenes. Any species of pyroxene 



Djdi^rain of the ato^ stf^otore of the amphihole^; the amphJbole ' buid/' 
The aiTowfl indicate the linkage of "free'* oxygen atoms to catiom. The 
oxygens ^peiimwsed on. the Si are iimilarly linked tp catioDi, 

thus isolating e&dt Si-O band tom its oeighbacirk. 

may contain identically the same dements as the corresponding 
amphibolCp but they are pTescni in different proportions; while a 
more ftindamental difference b the presence in the latter of hydroxj"!* 
represented by (OH)* and with a negative charge of one unit. A 
hydroxyl group is the same size, and functions in the same way^ as 
an oxygen atom. • ■ 
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(i) Chemical Re^tionships. 

The X-ray stmoture consists fundamentally of ''bands** of linked 
SiO^-tetrahedra. Each band in effect consists of two pyroxene chains 
united by shared oxygens as shown in Figs. 21 and 22. The arrange^ 
ment of the bands parallel to the vertical axis, b essentially the 
same as for the pyroxene chains, illuatratcjd in Fig. 14. 

The unit of pattern in Fig. 21 contains Si^O„; but to avoid the 
necessity of spLLttLng an atonip it b convenient to double this. Each 
of these SigOsj units b associated with two hydroxyls (OH). Thus 
the total negative electrostatic charge on the unit is 46^ while this b 
partly counterbalanced by tbe positive charge which arnounts to 32* 
due to the silicons* The negative residual charge of 14 units must be 



Fio. aa 

Diagram of flud view qf tke aiuphibole bduid. left to right i at 

right angles to the pap^f. The two Mg atoms outside the botmdAry of the 
Iraikd bcbnjC lo adjacent bauds immediatcLy ]ett and right of the one 
hluatrated. Only somt of the honds are represented. 

balanced out by the addition o! the requisite number of cations. 
The latter are the same as those ooourring in the pyroxenes, (.c.p 
Mg'^ Fe" and Ca'^ If all the necessary catioiis are Mg'\ the formula 
becomes ^0H),MgjSi|0„. wiiich represents the composition of the 
amphiboLe kupfierite, equivalent to enstatite. Similarly (OH)jFe,Sit- 
O,, is gruneiite, a monodinic amphibole formed under metamorphic 
conditiDUSp and equivalent to the pyroxene dinoferrosilite. These 
two end-Tncrribers are connected by anthophyllite (orthorhombic) 
and cummingtonite (monoclinic), with a variable ratio of Mg to Fe, 
and thus corresponding to the En-Fs range of pyroxenes (bronzite, 
hypersthene and culite). It has not been found necessary to sub¬ 
divide the Mg-Fe amphibdes in the same way as the pyroxenes, as 
they have not the same unportance in igneous rocks as the latto* 
The amphibole equivalent to diopside is tremoUte, which contains 
both calcium and magnesiump in tl*c proportion ol 2 to 5: thus— 
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(OHj^Ca^M^jSisO,,. As Fe“ replaces some of the Mg"' in this formula, 
tremolite gives plaoe to actmolite, which is thus similar to the salite- 
hedenbergitc range. 

The commonest, and by far the most widespreadp amphibok is 
hornblende p the equivalent of augite among the p>rro?£eiie$. Like the 
latter, hornblende is of extrancly complex composition. For thb 
reason it is not appropriate to quote a spedfic formula. 

If, in the formula for tremolite, we substitute NaTe"' for 
the amphibole, riebeckite, is derived. Thb b closely comparable 
with aegirine and is the most widely distributed of thesodic amphb 
boles. The formula may be written N3LjFe5Te3Si80„(0H),. Simi¬ 
larly in the latter, 3 ;Ig"Ar'" may be substituted for Fe'Tc"", giving 
giaucophane, NaaAliMgjSiaO„(OH)j, a mineral foreign to igneous 
rocks, but occurring in glaucophane-schbts, formed by metamor¬ 
phism from strongly sodk rocks of the spilite type. Glaucophane 
grades *into riebeckite, and natural specimens usually have a com¬ 
position between the two extremes. Allied dosely to these amphiboles 
arc barkevikitc and arivedsonite, both types rich in sodium and 
ferrous iron. 

One further type of substitution must be noted. In pargasite, an 
ampfaibole typical of altered limestones, some of the silicon atoms 
have been replaced in the structure by aJuminium so that in place 
of Siii the grouping (Al^SU) occurs. A readjustment of the valency is 
necc5sary^ of course, and this is effected by the addition of Na\ Thus 
the complete formula becomes NaCaj{Mg*Al) (A1^4]0„(OH)j* 
Finally, a kindred type is hastingsite, found in alkali-rich igneous 
rocks. A recent analysis show's the formula of one particular specimen 
to be:--(Na.KLCa(\fg.Fe"^Fe'^ ^ 

a forrnidable-iookjjig formula, but merely stresses the possibility of 
further atomic substitutions, controlled, of course, by the necessity 
of baJaiicing the valenc^^ and by the availability of the appropriate 
spaces in the atomic structure. ^ 

(2) Optics Ofi^niaiion. 

In all but one rare type, the optical orientation of the amphiboles 
is the same as that of the pyroxenes: the optic axial plane lies 
parallel to (oio). The detaib of extinction in variously orientated 
sections considered above in relation to the p5^oxenes. apply equally 
to the amphiboles. The significant facts arc illustrated in Fig. 23. 
The most obvious means of differentiating between the several 
members of the group is the size of the extinction angle in (oio) 
sections, as indicated in Fig. 24. The angles read to the left of the 
middle line are thosi.. between the slow vibration direction {Z) and 
the cleavage traces which mark but the position of the verti«d ads. 
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Similarly, ttiose to the right, marked ‘Mast" on the diagram, are 
measured between the fast vibration direction (X), and the cleavage 
traces. The significant point here is that while riebcckite and 



TOO SecttQin. 
Straight ^sctinctioD. 



Basal S^ctit^n. ^to Sedum.^ 

Syniinettkal extinction. Obliqafl extiact^a. 


nc, 23 

Sections throogh a ccystal of bombEcndo. showing prbnsaHo tracM 

siad drawn m pasittoo-s of extinciioa. SS—slow vibimtion, FF—fust 
vibrationr 



rliJ. ^4 

l^iagraoi ahowisg oxtinctloo pos^itioiid of the amphibolei. Tbo hgurea m the 
left-hand too comer ot eaoh 90'^-laii are the paaKimam extiiictJoii 
■honTii by toio] McfclMia. Ttwi vertiwl line iwltEd ‘JO" reprwcoto ^ 
verticia in th* eye-pwee ol tbe pttBseope, The miIm of the ata 

mark the positions ol the rlfia'vage traces jo oio aectionj in the extinction 
petition. 

flaucophane both have much the same extinction angle, in the 
former the extinction position neatest to the deavage traces is the 
fast vibration, but with the latter it is tl|p slow direction. 
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[3) Specific CJiaracters. 

CiimmingtOiiR'ei the monoclkuc amphiboly equivalent in 
composition to the orthorhombic hypersthene, may 

be represented by the lormula, Hj(Mg,Fe)|^ia6a*. It is not a 
common mineral and is usually'' metamorphic, though it is some- 
tiirtes seen replacing hj.'persthene and oliidne in basic igneous 
rocks. It also occtirs in corona structures (Fig. 118) in these 
rocks. 

Tremolite is a common constituent of metamorphosed limestones, 
in which it occurs in lamellar or bladed white lustrous t^stals. 
It occurs also in some $erpentiiute$ that have been formed by 
metamorphkm of ultrabastc rocks. In thin section tremolite resembles 
hornblende in general diaracterSp but is quite colourless. In certain 
occurrences it is aeicular to finely fibrous, and is one of the forms of 
commercial asbestos. 

Actlrmllte i$ most familiar in the form of deep green to light 
green elongated prisms or adcular aggregates in schistose rocks; but 
it is also a common mineral in thin sections of basic igneous rockSp 
in which it bas formed at the expense of clinopyToxene, It is easily 
recognized by its pleochroism in shades of green, its extinction 
features and moderately strong birefringence (0-035). 

Hornblende is well represented in mineral collections by black 
crystals of prismatic habit of the type illustrated in Figs. 35 and 36. 
The side pinacoid is sometimes suppressed, otherwise there is little 
significant variation in crystal habit h Twinning on [100)^ which may 
be simple or repeated^ is common [Figr 26). On account of the wide 
variation in chemical composition of different specimens, some 
difficulty is experienced in giving a genera] statem^t of the optical 
characters; but the absorption formula is normally Z greater than 
Y, greater than with X a light shade of yellow or yellowish green; 
Z deep green* often olive-green, while Y b an intermediate light 
green. Tlie presence of the "gUucophane molecule"' Litroduces 
blue into the colour scheme. The birefringence (about 0-022) b 
such as to give 2nd order green or yellow; but sections lying in 
other positions may show little perceptible change on crossing 
the nicoLs. 

Fargasite veiy dosely resembles common hornblende into which 
it grades, and the best indication of its identity is iU associates: it 
occurs with bright green diopside and other Ume-rich silicates in a 
matrix of cr^^staUine calcite* for example in the Tiree Marblej* in 
the Hebrides. 

■ Hailimoad, A, F,, AmplailMile and Mita from the Titm 

Marble/'^ Min. ASag.f nviii (194.7)+ p 
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ftlcbeckite.—Mee^scopically riebeckite dosdy resembles eom- 
men hornblende, but under the microscope it is very distinctive. 
The colour is dull bluish green, and the absorption is so strong in 
some varieties that it appears nearly b^. In less extreme lases 
the X vibration is deep indigo blue, Y is dull blue to brownish or 
yeUowish green in different cases, while Z is generally greenish, but 
may be nearly black. The birefringence U weak {0-004). so that in 




TIG. 35 

The two ends oi ^ aimpk ticyatal of 
boTubltiadfl. in plan. The forms 
Rpre^ented »re; clinoprism {o**} 
and hemlortbtidoiit?: {loi}. The 
forma in the vertscal loiie are' 


FIG. 3 ^ 

Hicendsot a simple hornblftflde twm. 
in plan. The upper hgure shows the 
hemiofthodofflie fares; the lower, 
the cliooprism (orclioodome) faces. 
The twiu-plice U (lool. 


prism **^1® {ctLoO') prism 

{olo}. 

consequence of the strong absorption, there is litde ^ange of col^ 
On crossing the nicols. Riebeckite is characteristic oi strong y ic 
add igneous rocks: riebeckite-granite, micrognuute and rh^hte 
have been described, the riebeckite-micrograiiites of Mynydd Mawr 

in North Wales (Fig. 9 ^). and Ailsa Craig in the Firth of Clyde 
(Fig. 90) being good examples. In these rocks the neb^ite hia a 
distinctive mode of oocurrenoe: it forms micropotkihtic mosqr 
patches in which the other components are embedded 

Glancophane,— None of the amphiboles is more st^nkui^y 
pleochroic than glaucophane. In its ihost typical form it exhibits the^ 
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following:—X, colourless to light yeUow; Y, violet and 2, pure 
Prussian blue. Thus, at their best ncbeckite and glauoophane are 
Very distinctive; but as they grade into one another, cases may arise 
where the diagnosis must be checked, for example, by the sign of 
the elongation {ncbeckite being length—fast, and glaucophane 
length—slow). 

Barkevi kite has been recorded from a number of British and 
foreign alkali-iich rocks, for example, those occurring in the Lugar 
sill in Ayrshire. Again the pleochroism s^eme is very distinctive, 
with X dear light yellow, Y strong red-brown and 2 dark brown. 
The absorption formula is on the usual hornblende plan, with X the 
least, and Z the most strongly absorbed. Care has to be exerdsed In 
distinguishing between barkevikite and lamprobolite, which untU 
recently was called basaltic hornblende. They are closely similar as 
regards pleochroism, absorption, extinction, position of the optic 
axial ^lane, parallel to (oio), and refractive indices; but differ in 
birefringence, basaltic hornblende (o-o6S) being distinctly higher 
than barkevikite (o-oai) in this respect. There is need here for a lot 
more information. 

Lamprobolite (basaltic hornblende): see preceding paragraph. 
This amphibole, whidi is brown in thin section, has been recorded 
from many different types of nock, but is dependent for its characters 
not so much on the kind of magma from which it crystallized, as on 
the conditions to which it was subjected subsequently. This is sug¬ 
gested by the fact that common hornblende can be converted experi¬ 
mentally into lamprobolite by heating, which has the effect of 
changing the state of oxidation of the iron, and of breaking down 
the hydroxyl. 

Arfvedoonite is related chemically to barkevikite and occurs 
frequently in strongly sodic syenitk rocks such as sodalitc^yenite 
and nepheline-syenite. It is very deeply oolouTed in thin section, a 
rich dark green, but differs from most other amphibclcs in that the 
Z-vibration is the least absorbed. Further, aifvedsonite HaS negative 
elongation, the fast vibration, X, lying ts” or less from the cleavage 
traces. 

Hastingsite is yet another aUcall-rich aluminous amphibole 
occurring typically in nepheUne-syemtes (Ontario), theralites 
(Crazy Mts., Mont.}, etc. In its optical characters it approaches 
dosely to pargasite and even common hornblende, but sections 
tend to be rich bluish-green in the position of maximum absorption. 
The extinction Mgle is a few degrees larger than that of hornblende; 
but the most distinctive feature is the very small optic axial angle. 
Thus, given a suitably orientated section, the identifreation of 
hastingsite, suggested by st^ astodates, is readily conffimed. 
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(4) Conditions of Fofmaiion and Distribuiion ifi Rocks. 

Because of their complex composition and of the practical diffi¬ 
culties that arisCp the conditiojis of crystallization of the amphiboles 
have not been studied experimentally as in the case of the oUvin^ 
and pyroxenes. However* it is possible to infer a great deal from the 
study of thin sections of rocli^. It might be anticipated from the 
facts of their chemical composition that amphibolic are charac¬ 
teristic products of crystallization of a "wet'" magma^ They require 
a certain flux concentration for their development. This is achieved 
in magmas at relatively low temperatiires only after considerable 
crystallization of anhydrous silicates has taken place. Thus amphi¬ 
boles follow pyroxenes: they may be moulded upon crystals of the 
latter, or they may show a repladve relationship. 

The dose chemical and structural similarity between the two 
groups results in particularly easy replacement of anothei kind. 
Under conditions of low-grade metamorphism pyroxene may be 
altered into an amphibole of appropriate composition, and usually 
of fibrous habit. This is the first stage in the conversion of a pyrox¬ 
ene-bearing basic rock into a hornblende-schist or amphibolite. 

The reverse relationship may also be observed. Large euhedral 
hornblendes occurring in andesitic lavas may show all stages of 
conversion into granular pyroxene due to a temporary rise in the 
temperature of the lava. 

Common hornblende is characteristic of plutonic rocks, especially 
the acid and intermediate granodloriteSp dioiites and syenites. In 
the finer grained and more quickly cooled equivalents of these same 
rocks, the mineral assemblage has normally crystallized at a higher 
temperature^ so that amphiboles are common and may be 
absent. In alkali-rich igneous rocks such as nepheUne-syenites, 
phonolites, etc,, the special iron-rich* sodic types including primarily 
riebcckite. and less commonly hastingsite* barkevikite and arfved- 
sonite, are widespread. Amphiboles are uncommon in basaltic rocks, 
but when they do occur* they arc found to be Mg-richp thus falling 
into line with the olivine and pyroxene groups. 


THE MICA CROUP 

The micas constitute one of the most important groups of mineral 
silicates which are chemically distinct from the groups so far con¬ 
sidered in two respects: the alkali elements are important in all 
micas; but unlike certain amphiboly and pyroxenesp calcium is 
absent. In atomic structure, toOp they are distinctive. The atoms are 
arranged m extended sheets as disculsed below. 
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Atomic Struclure and Chemical Rtialions. 

In micas and in several other groups oi mmetals built on the same 
plan^ the SiO^-tetrahedra are linked to one another at three comers, 
and thus form indefinitely emended sheets in which the atoms of 


FIG- 27 

I>iagTa,m sbowm^ tJie exteq 46 d wh^ist stm^urfii oi tlifr micL. 

Si atoms, black; O- atomi, wbitc; hydmxyL (OH>, niltd. The cMi^teristic 
double sbeet^tbe possible cleavage flake—comprises tm tbOM 

illustrated, in mijToir-lnia^e relatkuiEhip fset Fig. 2S), 

different kinds are arranged on a he^^onal plan {Fig, 27)* The unit 
of pattern contains but as with the amphiholes, to avoid 

having to deal with half atoms, it is convenient to double this. The 
essential hydroxyl groups are included in the planes containing the 
"free“ oxygens in the tetrahedra, and four of these are associated 
with each unit. 

In micas a certain degree of substitution of silicon by aluminioia 
is possible. These Al'"' atoms which function as silicons are *'proxy 
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ajid unit contains two of these. Thus the "standard 
formula" is (OH)^{Al^iJO„. There is a considerable residual 
negative charge on this unit which is balanced out by the addition 
of atoms of sodium and potassium, together with Al, Mg, and Fe in 


^ /C* layer. 


/ay^^ 

{OMj~ $ free 0~~ 

^ layer. 

^ Catlaps Ai^*\ fe*' 


no. a 8 

l>iagrimEi showing the ord^T of atomic layers in scttion through the 

double sliMt, 

different cases. Thus in muscovite^ one of the commonest micas> K 
and A 1 are so nsedp and the complete formula b:— 
(OH)*K,Al^(Al,Si^) 0 « 

Actually a slight substitution of A 1 by Fe takes place in some mus- 
covite.^ in which case (Al,Fe"")^ may be substituted for Al^ in the 
formula. Lcpidolite is best known *'lithk-mica/' but although 
repeatedly analysed, it has proved exceedingly difhcult to express 
the composition in a simple fonnula. The following is an approxi¬ 
mation : 

( 0 HpF),K,(U,AI) 6 (Si,Al} 40 „ 

with Li varying from one to four atomSp with corresponding 
adjustments in the Alp Si ratio. 

Zinnwaldite is another lithia-mica, similar in general composition 
to the above^ but with Fe' replacing^some of the AL 
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If in the fonniila of muscovite Mgj replaces Al*, the formula of 
phlogopite U obtained; (0H)^K,Mg«(Al,Si5)0,a‘ This is often sjwkeQ 
of as the "ma^esian mica." By comparison muscovite is the "sJu- 
minous mica," not the "potash mica/' as it is so commonly called, 
for it contains neither more nor less potash than piilogopite or, 
indeed, than biotite. The latter is the common ferro-magnesian 
mica, and is of very complex composition. A first approximation to 
its composition is suggested by the following:— 

( 0 H)*K.(Mg.Fe)*(Al^i») 0 ^ 

CsHiral Propsrties. 

As a direct consequence of their atomic structure the micas show 
pseudobexagonal symmetry', though actually they are monoctinic. 
To the eye they appear to be simple hexagonal crystals of tabular 
habit; but careful measurement shows that the basal pinaooid is not 
perfectly at right angles to the prism faces. The angle beta is within 
a few minutes of go" however; and similarly the angles between the 
apparent hexagonal prism faces are nearly, but not exactly, 6o®. 
Occasionally crystals are found which show hemibipyramid and 
other facea which betray the true symmetry of the mineral: other* 
wise the percussion figure obtained by smartly tapping a centre* 
punch placed in contact with the (ooi) face of the mica, proves that 
the sjTnmetry Is not hexagonal. A six-rayed star is produced in this 
way, but the rays are not identical; two, which lie in the single 
plane of symmetry, are more strongly developed than the others. 
This fulfils another useful purpose, as it serves as a guide when 
finding the position of the optic axial plane. 

The most striking physical property of all micas is the perfect 
basal cleavage, which takes place between the pairs of ^eets of 
SiO^-tetrahedra, and in the planes of alkali atoms (Fig. 2S). Not 
only are the atoms fewest in these planes, but the K atoms arc very 
loosely bonded to the rest of the structure. 

Twinning is not uncommon in micas, on the so-called "tnica law/' 
in which the twin plane is approximatdy coincident with (no), 
while the composition plane may be either (001) or (no). In the 
latter case the basal cleavages of both parts of the twin are coincident, 
but on account of the diUerent orientation of the two parts, there is 
a striking difference in absorptionj best seen when looking obliquely 
through a^ cleavage plate towards a good light. Twinning is seldom 
seen in thin sections. 

OrteniaiioH, 

Although the pseudohexagonal symmetry of the mica crystal has 
been stressed above, exammafton of its optical properties imute- 
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diately demonstrates that it is not hexagonal. As a group the micas 
are biaxial^ though the sbe of aV is veiy variable, and the optie 
axial plane in some cases is paraUel, but in others perpendicular, to 
{010), {$ee Fig* ^9)* This difference in orientation b the basis of the 
^vision of the micas into two groups* which essentially comprise 
the light and the dark micas rKp«:tively, In all micas the last 
vibration X is perpendicular to the (ooi) plane, and as X is the 
acute bisectrix, all micas are optically negative. 

THE LIGHT MICAS 

(a) Muscovite is the silvery white mica seen in hand specimens 
of many granites, particularly the strongly potassic vanetis, and in 
the pegmatites and minor intmsives associated vrith them. In 



no. ^9 

ahowing the opdcaJ orL^tatioii of the uiieu. the blotite- 

phlogopite EteriH: rights the U^ht 


igneous rocks it is restricted to the most highly Seated types. It is 
also widely distributed in schists and gneisses. 

Muscovite originates in another way, however. The potassic feld- 
spars contain the same elements as muscovite, and are readily con¬ 
verted into the latter as a consequence of hydroly^. Conversely, 
when rocScs or even sediments containing white mica suffer thermaJ 
metfljtiorphism^ the mica is converted into orthodase* A distinction 
is drawn between primary white mica fomied by crystallbation from 
a melt, and the secondary white mica produced by the alteration of 
potash-rich silicates. The latter type is aerldte* Although identical 
in composition with muscovite, seriate has an entirely different 
mode of occurrence in rocks, and there appear also to be slight 
physical differences- The sericite usually occurs in the form of 
aggregates of minute flakes^ Soda-rich feldspars including albite 
may be crowded with such mica flakes, and this is bdieved to be a 
distinct specieSj known as paragonltei analogous in composition 
with muscovite but with Na substituted for K in the fonnula. 
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Optically miiscovite h distinctive chiefly by reason of its strong 
bireltingence—(}' 036. This ensures that most vertical sections show 
brilliant interferenoe colours; hut the basal section polarbes in light 
grey, and as the distinctive perfect deavage traces are absent p it 
may easily be misidentified by the nnwary. Such sections exhibit a 
perfect biaxial interference figure, however, on which the sign is 
easily checked. 

{b] LepldoUte, a lithium-bearing light mica, i$ attractively 
coloured lilac in the masSp and although large crystals a foot or more 
across are obtained from certain complex pegmatites, a more usual 
mode of occurrence is in the form of aggregates of flakes or scales, 
as the name implies. Some particularly attractive mineral specimens 
consist of lepidotite acting as matrix to brightly coloured Hthiam 
tourmalines. Although the general optical orientation is the same as 
for Tnii(fcovitep the angle 2V is very small, and in some spedes the 
mineral is sensibly uniaxialH 

(f) Zlnnwaldlte is dosdy similar to lepidolite in its essential 
composition, and like it, occurs in pegmatites and particularly in 
greisens (see p. 20S). 


THE MICAS 

These stand in strong contrast to the group considered above, not 
only in appearance and optical orientation, hut also in mode of 
occurrence and distribution in rods, 

{a) Biotlte.— This Is the common bkek mica that extends 
through the whole range of rocks from acid to ultrabasic. Biotitite 
(or glimmeritc) consists almost solely of this mineral while at the 
other end of the scale the black gtistening plates of biotite imme¬ 
diately catch the eye in hand-spedmens of granites, while some 
Indian pegmatites yield biotite crystals a yard across. Among many 
other biotitc-ricb rocks certain types of lamprophyres are out¬ 
standing- In these the crystals are often euhedral and zoning may 
be well developed in the biotites (Fig. 130). Biotite shovre better 
than any other mineral the effects of internal bombardment by 
alpha particles emanating from radioactive elements in zircon in- 
dusions. This bombardment causes conoentric zones of discolom- 
tion round the mdusions, and is seen in thin sections as pleocbrok 
haloes. Biotite alters rather readily into a light green chlorite, first 
along the cleavages, but ultunately the whole crystal may be 
replaced, 

Tlie optical orientation of biotite is as shown in Fig. 29. The 
angle 2V is very small, so that on rotation of the stage the isogyres 
must he closely watched to see that thej' do actually separate* 
Further, very strong iiiuminitidh must be employed, as the absorp- 
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tion is partictilarly strong in basal sections, so much so that even in 
thin sections no light is allowed to pass in some cojes. Vertical 
sections are almost violently pleochroicp the vibration parallel to X 
yielding a light (straw-) yellow absorption tint, while the Y and Z 
vibrations are usually indisUnguiabablep giving equally dark browup 

FeOlMnO) 


sometimes nearly black. It follows that a basal section is non- 
pleochroic: there is no perceptible change on rotating such a section 
ove:r the polaiiier, 

(fr) PhlogopHe» often called the bronie mica on account of its 
colouCp is much less widespread in igneous rocks than biotile, and 
is in fact more characteristic of certain types of metamorphosed 

I "Studiw in tbft Mica Gmup/^ Am. JWji. SciLg c^isiiv pr SjS, 


Fe^O, 


TIC* 30 

Diagnm ahtiwiiig the vuiation in composition of micas of the blatite-phlogopjte 
senes in toclcs of d^erenfc kinds. 


A —jyaTk mkJM from fraaitc-pcsTOtites, 

B—I>ark micas from granites, granodiorit^p etc. 

G—Dark mkas from tonalttes and diarites, 

D—Dark micas feom gahbroei. 

E—Dark micas from ultiabasic rocks. 

F—Phldgopites fmm metnmorpboAed magnesian Umestones^ 
Data bv fFwi. JfriflrifJfc,! 
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magnesian limestones, which in the hand specimen may be studded 
with small, perfect, bmiUEe-coloiired phlogopites set in a matrix of 
crystalline qaldte. In igneous rocks tnie phlogopite is relatively 
rare, but occurs m the leudtic lavas of Wyoming, Western Aus¬ 
tralia and parts of East Africa, These are thoroughly basic rocks, 
and once again it appears that within the biotite-phlogopite group 
the types with the highest ratio of Mg to Fe characterize the most 
basic rocks, while the iron rich varieties are ooinmonest in the acid 
rocks (Fig. 30). 

In thin section phlogopite is typically much less strongly coloured 
than biotite: even in a basal section the colour may be no deeper 
than a light orange brown. Thus a basal section will exhibit pleo- 
chrolsm, for there is an appreciable difference in the absorption of 
the y and Z vibrations, the latter being the more strongly coloured. 
The vibration parallel to X, t.e. perpendicular to the dcavageSp is 
the least absorbed, and may be nearly or quite colourless. In con¬ 
vergent light phlogopite yields a typical biaxial interference figure, 
with small 2V. 

(c) Lepidomelane is the name given to biotites notably rich in 
iron^ and characterized by a deep red-brown colour in thin section. 


THE SILICA GROUP 

Several distinct mineral spedes consist of pure silica, SiO,; some 
of these occur as good crystals, others as cryptocrystalline aggre¬ 
gates, while atnorphous sihea also occurs naturally. 

Each of the three mineral spedes quartz, tridymite and cristo- 
balitc occurs in both high- and low-temperature modifications, dis¬ 
tinguished as beta (or high-) and alpha (or low-) quartz, etc. The 
complete range of six mmer^ forms a series stable under varying 
physical conditions. The significant temperatures, determined 
experimentally, are 575° C, the inversion temperature Ijetween a- 
and ^-quartz; ^70*, above which quartz gives place to tridymite; 
1,470*^ at which cristobalite replaces tridymite; and 1,710'", the 
melting point of high-crbtobalite. These several forms of SiO, may 
persist* however, far below the temperatures at which theoretically 
inversion should take place, as most of the mversions are very 
sluggbh. 

In all these silica mincrab SiO^-tetrahedra are linked to one 
another by all their comers. The actual arrangement of the atoms is 
complicated and impossible to illustrate simply. The important fact 
is that the tetrahedra form spirak in both forms of quartz, the 
arrangement being somewhat more s)rmmetrical in the high than in 
the Icw'-temperatiire form;* thus while at-quartz crystallizes in the 
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holo-sxial (trapezohedral) class of the Trigonal system, ^nijuarti 
belongs to the corresponding class of the Hexagonal system. 

Alpha quartz is the quartz of mineral veins and vugs: it does not 
occur, except as a product of inver^iotip in normal igneous rocks. Its 
crystal characters are indicated in Fig. 31. Usually there is a disdnet 
difference in the degree of development of the two rhombohedra 



FIG, 31 

Quarts (A) Simple combiiution of poarlive (r) and negative fj) 

rhomboliedTa and vertical prism {ppi) ; fB) A right-hinded erys^ show^ 
the fiatoe forma, with trapuohedrpcL isiSi) and trigonal bmyramid; 
(C) A doublo left-handed Datiphind twin, Tri^musi /new 

jtippUd. fjf/ir FarmA mn4 


{positive and negative): and special forraSp particularly trigonal 
trapezohedra and trigonal bipyramids show these crystals to be 
ftmdaznentaUy different from those of ^-quartz.* The latter show a 
combination of hexagonal prism and hexagonal bipyramid: these 

* QuartZH from the iron mmits of north-wiMtern Eiiglai:i^ jUiow tbt simple 
crys^ographic qbaracter nommily aasocated with the 
dehnitely low-qo»rtr. Apparently the popsen^e ol the hAematitc anects tae 
crystal habit of the lUka. * 


I 
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are forms characteristic of the holosymmetric class of the Hexagonal 
system: but actually it is known (rom the internal structure of 
the raincral that it belongs to the trapeMhedral class of that 
system. 

Twinning is apparently ubiquitous in dt-qtiam, according to a 
variety of laws; but it <ms Only be demonstrated by means of ex¬ 
ternal characters in some Aisfs—notably by the occurrence of the 
form (5161) on contiguous faces, instead of on alternate ones (Fig- 
Si, C). Otherwise the twinning i;sin be demonstrated by special 
optical tests^^—not by the examination of sections of nomial thick¬ 
ness.^ 

The most dbtinctive optical character of quarts b its extra¬ 
ordinary power of causing rotation of the plane of polarisation, in 
the m^ner of a clockwise spiral in some cases, but anti-clockwisc in 
others-This is evidently due to the essentially spiral arrangement of 
the atoms, which finds expression in the development of twu types 
of crystal, termed left- and right-handed respectively, according 
to the position of the trapezohedial faces (Fig. 31, B). Quartzes of 
opposite hand are mirror-images of one another, and are said to be 
enantiomorphous. The degree of rotation of the plane of polariza¬ 
tion is not suSicient to produce ^ appreciable effect in a thin sec¬ 
tion; but a thick section examined in convergent light yields a 
distinctive interference figure, in which the usual concentric coLoured 
rings are seen, but the black cross has disappeared, and its place 
near the centre of the figure is taken by an interference colour 
depending on the thickness. 

Another direct consequence of the internal structure of vein- 
quartz is the difference in polarity at the opposite ends of the three 
lateral axes. As a result, quartz exhibits piezoelectric properties to 
a unique degree, and b in great demand for the manufacture of 
quartX'OsciUator constant frequency plates for use in radio equips- 
ment. ^ 

Despite the many interesting and indeed unique crystallcjgTaphio 
and electrical propertie$ of quartz, the optical characters exhibited 
in thin sections are of a somewhat negative character. Its refractive 
indices are Icrw (1-553 i'544). with consequent ahwnoe of sur^ 

face relief; it has no deavage, and the birefringence (0-009) ^ weak. 
It even lacks distinctive alteration products, for it b completely 
stable. These detaik apply to both the a- and ^-phases, and there 
are, in fact, no definite tests available for dififerentiating between 

i By immerring * thick lasal Section of quartz in oil of the sanxe refractive 
index and viewlng^ ft aJoug the directioii qf the optit axl^ betweeu ctossea 
platen uf Polaroid. 

» Far much interesting informaiian on the twinning, etc , qj quarta; see 
'Symposium on Quirti O^ilhitbr riales/' Am^f . Min,, xxx (1^45), p. 10$. 
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the two in thin section. Both phases of quartz are liable to contain 
indusions of several different kinds, sometimes in such quantity as 
to render the crystals opaque or at least '"milky/’ Frequently the 
iadusions are niinute gas- or Euid-filled cavities (Fig. 32), often 
lying in curved planes that evidently represent resealed fractures. 
The fluid cavities may contain a gas bubble, mobile in some cases, 
or even a mioute apparently cubic crystals In some in$tances the 
cavity is bounded by plane surfaces giving a crystd of 

minute ske but perfect form. In other cases adcular needles of rutile 
are embedded in the quartz. In the curious Indian granitic rocks 



FIG* 32 

Fluid cavities contalaidg fas bubbles b ft quartE—bfhly mafpi&ed. 

termed chamockites, they are exceedingly minute and occur literally 
in myriads. They produce an optical blue colour in the otyatals in 
which they occur* In smaller numbers they can often be seen in 
some Scottish granites, for exampkp but the5'' are so minute that it 
is only by analogy with the much stouter prisms that sometimes 
occur, that they can be identified as rutile- 
High-temperature quartz is widespread in igneous rockSp and h 
diagnostic of those in the granitic cl^: it forms shapeless grainSi in 
ordinary granites and mlcrogranites^ but occurs in euliedral hi- 
pyraroicb in the rapidly cooled fine-grained rhyolites, pitchstoues 
and ^'quartz-porphjTies.” At a late stage in their cooling history 
such bipyiamids may $how the effectSp sometime intense, of mag¬ 
matic cojTOtsion (Fig. 92)* The study of twinning in ^-quartz has 
been somewhat neglected as the ^exomenon produces no visible 
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effects in thin rock-sections: but it has been shown to be quite 
noTmal, Collections of milky cry-stals of from Cornish 

quartz-porphyries were found to contain many twins, the twin- 
plane being either a face of a rhombohisdroii or a trapezohedron.' 
The angle between the c-axes of the two crystals involvcid varies in 
different types between 43° and 84“, The so-called Japanese twins 
are of these types. 

Tridymite is the Orthorhombic form of SiOa stable above 870® C. 
At its best it forms tabular plates of almost perfect hexagonal shape; 
but more commonly occurs as twinned groups of minute crystals, in 
fine-grained rhyolitic rocks, the best known British examples occur¬ 
ring in the Tardree rhyolite, where the tridjmite lines small cavities. 
The high-temperature fomi of tridymite exhibits higher symmetry, 
and appears to be Hexagonal ho]os3mmetrical. Optically tridymite 
differs from quartz in its lower refractive indices (r-473 and i“469) 
and weaker birefringence (O'004); but its most distinctive characters 
are the narrow, lath-like crystals and the twinning, 

CH&tobailte, stable above i>470°' C, has been long known from 
its development in silica bricks used for lining furnaces. Since the 
advent of X-ray analysis, however, it has proved to be much com¬ 
moner than was formerly believed in several classes of igneous rocks. 
As might be expected, these are usually "add," Cristobalite is an 
important constituent of spherulites in rhyolitic lavas, for example 
from the Yellowstone Park.^ The mineral is Cubic, and in certain 
Hungarian rhyolitic cristobalite forms minute crystals, 30 to 60 
microns in diameter, in panaUd growths, spinel twins and radial 
aggregates lying between the sphemlites, which, it is suggested, are 
themselves high-cristobalite. Somewhat unexpectedly, it has been 
discovered in the fonn of half-millimetre cubes and rare cube- 
octahedrons on the fracture surfaces of oliviue-basalt from Plumas 
Co.» California; while it ha$ been recorded from the groundmass of 
certain Japanese basaltic lavas. Finally, it may be noted,that the 
aillca-glass of problematic^ origin occurring on the surface of the 
Libyan Desert, contains small spherulites of cristobalite up to a 
miUinietre in diameter .3 

Cryptocrystalllne SIH^. —There are many varieties of very 
finely crystalline silica ranging from radially-dbposed acicular 
oy^stals (fibro-chaloedony) to cryptogranular aggregates difficult to 
resolve even with high magnification. They are variously coloured, 
and although the general name chalcedony covers all varieties, such 

I Ih-ngiiLaii, J„ "On p-qjaitz twim fruia some ComLih Jocallties/' Mirt , 
xxi (iga7)K p. 336- 

1 HowaiU, A. D., Awur, Afm,, xxw (^939), p. 485. 

> SpQiwr, L. J., ''lekUtesan^iiliCA-gU^s/'' Af ii. (1039], p^436 
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names as camelian, bloodstone, prase and chry^oprase are ti$ed for 
iiclily<oloiired specimens which are used for ornamental purposes. 
These forms of chalcedony do not occur as primary minerals, but as 
secondary products they are widespread. The best-known mode of 
OOCUTTience is as vesicl^ and ^eode-mhUings. The relationship of 
chalcedony—chalcedonite is a better mineral name—to quarts is 
uncertain. In many instances the two minerals have obviously had 
a common origin, and both can form from coUoidal silica, for while 
the marginal parts of geode-infUlings may consist of colour-banded 
chalcedonite, associated in the well-known agates with opaline 
sUica, the inner parts consist of quartz mosaic, sometimes passing 
inwards into weU-terminated quartz crystals, in some cases of the 
violet-tinted amethystine variety. At the same time it is stated that 
chalcedonite difiers from quartz in the details of its optical properties. 
Even the sign of elongation of the fibrous forms varies, 50 that 
possibly more than one mineral species is involved. Nevertheless, 
X-ray studies have revealed no essential structural difference between 
quartz and "chalcedony/" Nevertheless, X-ray studies have revealed 
no essential structural difference between quartz and "'chalcedony."* 
Amorphous silica.— This substance occurs in two natural 
forms: as opal, familiar in its predous fortu, of course, though 
common op^, colourless in thin section, and having the same mode 
of occurrence and origin as chalcedonite, occurs as a secondary 
product in a variety of rocks. It is identified by its low Index, which 
is somewhat variable according to the amount of water which it 
contains, but averages 1*445: thus it exhibits a dUtinct negative 
surface reliefi Normally it is isotropic, but sometimes opti^ anoma¬ 
lies, particularly very weak^blrefringence, may be obsen^. Secondly, 
silica-glass in a number of forms, though a rarity^ has been collected 
from widely-scattered localities. Some forms such as moldavite are 
apparently of meteoric origin, but other types probably arise as a 
consequ^ce of the impact of a meteorite, the heat generated being 
sufficient to cause widespread fusion of superficial deposits, particu¬ 
larly desert sands. 


THE FELDSPAR GROUP 

The feldspars arc quantitatively the most important of the rock- 
forming silicates. They are all alrnmno-silicates of potassium, 
sodium, calcium or rarely barium, and crystallize in the triclinic 
and monoclinic systems. Although obviously there are differences in 
the details of the atomic structure of the triclinic as compared with 
the monoclinic members of the group, fundamentally they are much 
alike. The three-dimensional framework of linked Si04-tetrahedra 
may be resolved into **chains*' of a*spc?dal type^ which are joined to 
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<wje another by sharing oscygens' (Fip. 33, 34). The chains are 
aligned parallel to the v-axis (clino-axis) of the crystal, and two ol 
these, in miirorrimage relationship across a plane parallel to (oio)« 
occupy the unit cell. 

Eadh single link of the chain consists of four SiO^~tetrahedra; but 
as all the oaygens are shared, it may be said to contain Si^Qi. 
Further, in ea^ of these units, one Si is displaced by a proxy-Al, 
so the unit formula becomes (AISUIO^. This leaves a surplus negative 



33 

A sioek liok in the feldspar "ctaatu"; with eight oxygen atoms lying in the 
plane of the paper, two (ttos, i and a] above, and two (Nos. 7 and S] 
below' the plane. Three silkons oocur in the link (ame tiidden bv oxygen 3), 
and Onnproxy^uniuiiua (behind Oxygen 1). 

charge, which in one important group of feldspars is balanced out by 
the addition of a K-atom, giving the formula of orthoclase:— 
KAlSi^Og. In another important member Na-atoms occur in the 
place of K, ^ving albite, NaAlSijO*. A third member is anorthite, 
which contains Ca In place of K and Na; but as Ca is divalent, an 
adjustment has to be made. A second proxy-Al'" is introduced in 
place of another Si"", so .the complete formula becomes CaAl^i,Ot. 
Finally, in rare cases Ba" fills the rdle of Ca", givmg celsian, 
BaAl,SUOg. 

Now as the K and Ba atoms are of approximately the 
radius, they are capable of mutual replacement, and feldspars such 
as hyalophane occur, having a compositioa somewhere between 
orthoclase and celsian. SlmiJaTly, Ca can replace Na to any 

i Although w us« the word "chain" for ease of interpretation, this is not 
coinparabk with the chaias and bands of pyroxenes and unphiboles respeot* 
ivcly, which were scIfH^ontuned and joined to one another throogb the 
medium of the cations. In the feldspar strnctom, however, the "ctiaias" are 
linked together left and right, in frcn* and behind, by sharing oxygens. 



DESCRIPTION OF THE CHIEF MINERAL GROLTS 8i 


exlentp giving a continuous variatjon in imposition between tht 
two extremes represented by albite and anoithite. These "soda-Ume 
feldspars" are known as the plagioclase series. 

By contrast, Na cannot repla^ K in a manner which will retain 
the original structure, and therefore homogeneous Na-K feldspar 
comparable with plagioclase does not occur, except at high tem¬ 
peratures (see below). 



Flc. 34 

A formal dia^am of stmetoxo o| fddspar. SiESroii aisd proxy- 

almubiorn sbowfi io black. To avotd cvorcrowding tho diagram, ooJy tlie 
''shared” oxygens La the ftEogio link, repre^aled in Fig. ^e mcluded. 
The chaia is half the width of the unit cell, and runs ftom back to front, 
paraUet to the a-axis. 

The formulae so far considered are those of pure feldspars, of ideal 
composition, and in the account which follows are represented by 
Or, Ab, An and Ce, Natural feldspars are actually ternary sj^tems, 
consisting of various proportions of Or, Ah and An, and are there¬ 
fore best represented by points oq a triangle which has these three 
components at its apices. The three components are measured in the 
directions of the arrows in Fig. 35. The dots on the triangle represent 
the compositions of several hundred feldspars. It will be seen that 
there is a maximum concentration near die Or apex, which indicates 
the range of composition of the natural K-feldspam* The average 
K-feldspar can be seen to have the composition approximately of 
Orj*Ab*jAn^. The marked concentration of points just above the 
base-line indicates the range of composition of the plagiodases. It 
will be noted that on average the plagiodases, although ftmda- 
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mentally Na-Ca feldspar?, contain about 5 per cent {or more) of Ot. 
The absence of points in field 4 (Fig. 35) reflects the fact that Or 
and An will not mix: in other words Ca and K, on account of dis¬ 
similarity in atomic radius, are not mutually replaceable in the 
atomic structure. 

General CharacUrs of iki Feldspars, 

In the monoclinic feldspars the simplest combination of faces 
consists of the basal pinaooid (ooi)* side-pmaooid [010) and prism 





™ 35 


Dia^m iUustratuigcoinpositiQii of natural fi^kbpara in term^of tlieOithiKla«, 
Albitt Eind Aaorthite moSeeules. {AfUr H. L. AUing mtA A , N\ ) 

Note muimuen conceotfation in fields i {Ortboclasu and MlcmcUne) 
and 3 (Pla^Iaseg^. Purthite?, ul at low tempcnitarea, fall in fiflld a. 


c 


(«o). A slightly more complicated crystal is illustrated in Fig. 36. 

In the tridinic feldspars although crystal faces are devdoped in 
analogous positions, and although they superficially resemble the 
monoclinic ciystals, the loK'er symmetiy causes the moncdinic 
prism to be represented by two complementary hemi-prisms, m and 
M. Similarly the hemibipyramid of the monoclinic feldspars becomes 
the quajlcr-bipyramid of the tridinic types. The better deav^e in 
aU feldspars is paraUd to (ooi); bnt that parallel to (olo) is little 
inferior. Naturally these two deavages are at right angles in mono* 
dinic fddspars, but intersect at angles between approximately 03* 
and 94° in the plagiodases. * 
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THE ALHALl ^ELBS^^ARS 

In this category we Include the K-feldspars, the Na-feld$par$and 
the various combinations of the two which are distinguished as 
perthites, etc- (see below). 



FIG. 36 

CiysteJ of orthoclase (Carlsbad babit}. 
f Basal pinacoid (001J+ 
t CLbiopiiiacoid 
m Ftim (itoj. 

X and y Heici-ortJiadafflee (201) and {m}. 
c Ilfiioi-bitiywiiid (Hl), 

H A cliootbuue (or clmopriam} (oi l). 


(r) The Potassic Feldspars. 

Although identical in compodtjon, several distinct feldspars, one 
tridinic, the others mortodiniCp fall in this group, Qrthodase, sani- 
dine and adukria are mcnodlniCp while microcline is (just) tridmic. 

(d) Orthoclase.— ^This is the form of KA]SijO« which is a charac¬ 
teristic mineral in granites. It occurs in a variety of crystal habits; 
the so-called Carlsbad habit p flattened parallel to (010); the Baveno 
habit, elongated parallel to the clinoaris; the Adul^a habit, in 
which the^side-pinacoid is virtually suppressed (Fig. 37). As a rule 
these crystals are terminated by the basal pinacoid and a hemi- 
orthodome (x). These form a roof-hte termination. They are easily 
identified^ however, by noting their different relationship to the 
basal cleavage (Fig. 37, right). 

Orthoclase crystals are frequently twinned in distinctive fashion 
3S)^ ™ one or other of the following laws:— 

Carlsbad, usually interpenetrant and resulting from rotation about 
the c-axis; 

BavenOp in which twin-plane and compodtion-plane are parallel 
to a dinodome (on ); 

Manebachp in which twin-plane and composItion-pZane are 
parallel to (ooi). * * 
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Of these the first is mu ch the commonest; Maoebach and Baveno 
twinning are tmcominon in orthoclase, but less rare in sanidine* 


D 


FIG, J7 

Crystal habits af Grthoetase, 

Left, Bavcao habit. Eiskt, Adutaria. 

The refractive indices of orthoclase are low: y, 1-525; a, i:*5i9p 
both well below Canada balsam. Birefringence al^ is weak (0*007)— 
a little lower than the quartz by which it b normaJly accompanied 
in igneous rocks. The optic adal plane is perpendicular to the plane 
of CTystaUograpliic symmetry (010)* and b inclined at 5- to 8* to 
(001), Therefore the extinction is oblique to thb extent in (010) 
sections. The angle zV b largep but on heating it progressively 
diminbhes, and becomes o® at a certain temperature, above which 
the axes open out in the symmetry plane (oro) (see Fig, 39), 

(t) SanldlEie.— On heating orthoclase inverts into sanidine at the 
inversion temperature. 900* C, As might be expected, thereforCp 
sanidine b the form of K-feldspax occurring in quicklynDESoIed lavas 
and some dyke-rocks, including rhyobteSp trachyteSp pitchstones, 
etc. It may persbt indefinitely in these rocks, in the metastable 
state: but with the slow cooUng characteristic of deep^s^ted rocks 
sanidine inverts into orthoclase. The only significant differenoe 
between the tw'O minerab in thin section b the difference pi orienta- 
tion of the optic axial plane, noted above, and the small, to very 
small. zV in sanidine. When uuweathered sanidine b dear and 
gbssy. 

(c) Adiilaria*— This is the name of a crystal habit rather than a 
dbtinct mineral spedes as noted abovcp but is commonly applied to 
a variety of ortliodase of prbmatic habit occurring in mineral veins 
and as incrustations in vugs. It may be opaque like any other type 
of orthoclase, or glassy like sanidine^ 

(d) MicrocEine.— Thb b the tridinio form of K-feldspar, but the 
dep^ure from monodinic symmetry is so slight {the angle between 
(oor} and (010) being 89*50') that there may be no appreciable 
difference in the hajid^spedmen between microdine and orthoclase* 
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Under the microscope* howcveTp nucrodine is very distinctive by 
reason of a complex system of spindle-shaped twin lam-eU^e in two 
sets nearly at right angles in (ool) sections (Fig* 40). The twinning 



FIO. 3S 

Vertical sectaoos thcoii^ twins oi ortbcatlaM, 

Left, Carlsbad; Right Eaveno; Right bMm, SUnebacb, 



A pio. 3g 

Diagram showing optical orientation nf santdipils fA) , and orthoclase {BJ. 
Optic axial plane itipj^ed ia 

may affect only part of a crystal, or it may be absent altogetber, iit 
when found, it is completely diagnostic. Relractiye indices (y 1-529. 
ai'5£2) and birefringence (0-007) very siinilar to those^of 
orthoclase, but on account of the triclinic symmetry, the extinction 
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in a (doi) section b oblique (extinction angle IS* to the (oio) cleavage 
traces). 

Although most types of microdiiie are coloured red or brown, 
specimens from pegmatites from Colorado and elsewhere are bright 
green in the variety known as amazon stone. This contains the rare 
elements caesium and lubidium, and the depth of colour b said to 
be proportional to tbe amount of the latter, 

ELicrocline is practically restricted to the highly potassic granites 
and pegmatites. It b rarely pure K-feldspar^ but contains Na- 
feldspar in solid solution or intergrofwn as perthite or micropertliite, 
as described below. 

(2) The Sodic Fddspars. 

Three named minerab oocur in this group, albite, barbierite and 
devel^dite. Of these the fir$t-named is of ouistandiug importance. 

(d) Albile.—The status of albite among the fddspars b somewhat 
anomalous: it b rightly regarded as one end-member of the plagio- 
dase series: but obviously it b an alkali-feldspar^ with the same 
status as orthodase. It stands in striking contrast to t5TJic^ soda- 
lime plagiQclase as regards it^ rflle in rock-building (see pp* ^ 2 , 233)^ 
It is stable under widely varying conditions^ indudmg those under 
which the Ca-rich plagiodases tend to decompose^ so that it is often 
seen to have replaced Ca-Na plagipclase in such rocks as gabbro$ and 
dokrites, particularly when the latter have been subjected to slight 
dynamothermal metamorphism. As might be inferred from thb, 
albite is characteristic of some types of schists and gneisses. It is 
specially abundant in the sodic syenites, one type of which* termed 
aibidte, is nearly monomineralic. 

In its crystallographic and other ph3rsical characters, albite b 
like the other members of the pkgiodase scries* as described below. 

(6) Clevelandite.—^Thb mineral beai^ the same relationship to 
albite as adularia bears to orthodase: it occurs chiefly in i^gmatitcs 
and sometimes in raineraJ veins* in aggregates of tablet^like crystals 
flattened parallel to (010)* Again it b the name of a crystal habit 
rather than a distinct mineral spedes. 

(3) The Sodi-Poias^ic Feldspars 

Both oiihodaso and microdine are frequently intergrown with 
albite, which occurs in the form of orientated plat^ or threads 
embedded in the host feldspar (Figs. 40, 41 and 42). The inter¬ 
calations do not follow the planes of weakness (cleavage directions) 
in the host fddspar* but must be related to structural directions 

^ SpencfT, E, Edmtinwn, "The Potash MKja Feldspars/" Min, Mag,, jodv 
fi937>^ xxv p. I 7 . 
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depeadent upon the intemsd stnictnre {Fig. 42). The foUovdng types 
of perthite have been de^ibed and figured: vem-perthite (probably 
theeommoDest), film-pcrthite, and braid-perthite in which the albite 
sheets are arraiiged parallel to the prism faces {110) and {iio), and 
thus give a braided appearance in a basal section. Less regular inter¬ 
calations ate known as patch- and string^perthite which, on acooimt 
of the lack of orientatiorip may have originated differently. The 
intergrowths may be megascopic, microscopic, or on so fine a 



FIG. 40 

Ttain aectioa of imcrecluie-albite perthite, HyJba, Ontario. 

The origina] is a typk^ green amai^iistone^ with megascopic of white 

albite. 

CfOii£d ^aEanwy. Phatamw. JE. O. JSronrfcmJ. Sectiaii parallel to (oqi). 


scale as to be beyond the resolving power of the micioscope. 
The three terms perthite, microperthite and cryptoperthite are 
applied to these, respectively; and in the case ol micfocline being 
the host feldspar, the mineral name b added as a qualifier: thus, 
"microdine'imcroperthite" indicates an intergrowth of microdine 
and albite on a microscopic scale. 

The terms soda-orthodasc and soda-microdine are sometimes 
given to ciyptoperthites of the appropriate composition: they are 
chemically alike. 

The phenomenon of perthitic intergrowth results largely from 
exsolution. It b believed that at high temperatures the atoms of 
sodium and potassium are so arranged as to give a homogeneous 
sodi-potassic feldspar. At some Itnfcr ,temperature (the easolution 
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iaq^ thnou^b visin pisrthitft {albi^ veins in 
Uft, a (oip) sflrtbn in plane pfilwiad lieht; {wJj cleav^e shown. J?i>M 
a fwi} sKtkm Almwin^ the oatim o( the majrgmg of the filbite veini 
against the bdat-micnodioe, and the (oio) cleavaf^trace^. 



ftc. 

BlocIc^iagTW fihawing relatkwof tins- to v«in-pertkiite in K-N* feldspar. 
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t^per^turejp the atoms are so rearranged as to segregate the 
sodiums into regularly orientated sheets or filmsH the disposition of 
which is determined by the atomic structure* This involves atomic 
diffusion in the solid feldspar^ while its temperature is still high. 
X-ray analysis proves the coe^dstence of two independent lattice* 
structures in perthites, one due to orthoclase.and the other toalbite. 
If a perthite is heated to near B50* C, the perthitic structure dis¬ 
appears, but reappears on cooling—the change is reversible; but when 
heated to a higher temperature for a longer period ol time, a stable 
hoiDogeneous feldspar is obtained, which has the optical orientation 
of sanidine. Even when the intergrowthis on a submicroscopic scalOp 
it may produce distinctive optical effects. To this cause are due the 
striking blue ^^schiUer" of anorthodase, and the beautiful sheen of 
moonstone, f which is merely a microperthite in which the lamdlae 
are exfseptionaUy thin in the much prized blue examples^ but thicker 
in the commoner white iyp^* 

THE FIAGIOCLASE SERIES 

It has long been knowm that the members of this series show a 
gradational variation in composition between the two end-members, 
albite and anorthite. For descriptive purposes it is necessary to use 
a number of names to fix certain ranges of composition. Using the 
convention already described p we may note that^ ignoring the small 
amount of Or present^ the composition of any specific plagioclasc 
may conveniently be expressed by a simple symteb mdicating the 
molecular percentages of Ab and An which it contains. Thus the full 
range extends from AbiogAn, to Ab^jAUiH^* As the variation is con¬ 
tinuous the several kinds of plagiodase are defined arbitrarily by 
eirecting divisions at 30^ 50, 70 and go. These are the widely 
agreed limits between albite> oHgoclasej andesinCj labradoritei 
bjiownite and anorthite respectively. The percentage composition 
of three selected plagiocla^ b tabulated bdow;— 



SiO, 


Na,0 

CaO 

Albite (Ab) 

68-7 

19*5 

11*8 

0^0 

Labradorite {Abj^ 4 nj,J 

55 '6 

2S'3 

5*7 

10-4 

Anorthite (An) 

43*3 

36*7 

o<o 

20*1 


Since the ratio of the molecular weight of Ab to An is as i : 1^061, 
it b approximately accurate to calculate the relative freights of the 
two components fAb and An) in the proportion of the number of 
molecules. Thus Ab^An^^ contains Ab three-fifths and An two-fifths 
by weight. 

f spencer^ E. Edmousonp "... mwnstone from Ceytcu . . .J* 
xxu tt93Ci)pp. 291, 
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Detailed examination of the optical characters of the pJagioclases 
using Universal Stage technique, has shown that high- and low- 
temperature forms exist in rocks crystallizing under diiferent condi¬ 
tions. The "high" fontis occur in lavas and experimental melts; while 
the "low" forms arc charajctcnstic of plutonites and pegmatites.^ 

Cr3/stallographical]y the plagioclases differ from orthodase by 
having the ba^ pinacoid {and the cleavage {mrallel to it) indined 
to the side-pinajooid [010} at an angle of 36 ^ to 87^ instead of 90^: 
otherwise they are doseJy similar in appearance and dcavage. 
Plagioclase may be twinned in any of the ways in which orthodasc 
twins, but in addition exhibits two spcdal typ^ which are dis¬ 
tinctive. PlagiocUse of any composition may be twinned once or 
repeatedly on the Albitc Law^ in which twin plane and composition 
plane arc foio). Secondly^ in twinning acoordLcig to the Peiidine 
Law^twin plane and composition plane vary systematically in the 
manner shown in Fig. 43. The pericline, like the albite twinning* is 
commonly repeated, and in both cases the twin-bands arc thui* and 
give a characteristic lamination between crossed polarizers (Fig, 44)* 
Both types may be associated with simple twinning on the Carlsl^d 
law {Fig. 44)^ Sometimes these features can be seen with the naked 
eye^ and more readily with a lensj. but they make the plagiodases 
unmistakably distinctive in thin sections. 

Statistical studies^ ol the frequency of occurrence of the several 
types of twins shows that normally twinrung is more complex in 
igneous than in metamorphk rocks; jn tho^ of high grade, as com- 
pared with low grade metamorphism; and in plagiodase of caldCp 
rather than sodic composition. Thus, in low-grade metamorphic rocks 
untwinned grains am often dominant^ and may be exclusive—a con¬ 
dition that is not found in igneous rocks. At a slightly higher grade 
of metamorphism, simple twinning is characteristic, but is on the 
albite, sot the Carlsbad law. In high-grade metamorphic rocks, the 
complexity may approach that of igneous rocks* but stijl there are 
differences, Tviinning involving Carlsbad and Manebach combined 
with lamellar albitc and pericline is commonly seen in igneous rocks, 
especially those of basic type; but such complex twins are typically 
absent in metamorphic rocks. 

Plagtoclase crystab often contain numerous inclusions, which 
may be arranged irregulafly or in dehnite zones parallel to the 

* KOhf«rK Min. Petr, ilfiit. iTsthtrmak}^ LLil (ig4i), pp. and 159: 
Mho ibid., liv U 943 }i P- and Jovm. Gepi., Ivii (1949J, p. 39a. 

Tuttle, O- F-, and Powen. N. L., ''High-ternperature and tontigaous 

feld-spara/' Geot.^ Iviii (X 95 a>). p. 57a. 

* Turfler, F. J., "Twinning cf lE^giodluie m Metamorplijc Rocki,'- Amrr, 

xuvi (1931}, p. witli re^ 
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periphery of the crystal. The latter is commonly the case with 
phencKarystio pla^oclase in when the inclusions may be 

glass, devitrified glass or small patches of the groundmass. In deep- 
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Block-diagram shewing rclatian betweeo albitfr and periclme twinaliig 
aod the cleav'egea In plagiodase feldbpw. 



FIG. 44 

TwijEin^ crystaJ of plagioctase leldspar in izutn Cupar, File. 

by Gen. Svrvty.) 

seated rocks, such as certain gabbros, the plagioclase is strongly 
schillerized and exhibits a striking play of colour in the hand- 
specimen. In thin slice this is seen to jje due to myriads of orientated 
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rod'like indu^ons (Fig. 113). It seems probable that these must have 
been in solution in the feldspar at high temperature, but were 
exsolved later, 

A definitely zonal structure is more comincjnly shoiATi by pUgio- 
clascs than by any other type of mineral. * This results from varia¬ 
tion in chemical composition during cr>'stal growth, and may be of 
several different kinds; the commonest involves a gradation from a 
Ca^rich core to Na-rich outer layers, and is termed normal zoning. 
Less frequently the converse is true: this is zoning; while in 

yet other cases the composition has changed rhythmically, causing 
rhyikmk or oscillatory zoning. The systematic study of such 
zoning in plagioclase may throw considerable light on the details of 
the ooding histor^^ of the rode which contains it. Studies of this 
kind^ and indeed normaJ petrographicaJ work, involves the accurate 
identification of the plagiodase, or in a zoned crystal, of its indi- 
vidud layers. 

Plagioclase is liable to alteration, and Dcca^onaUy suffers complete 
replacement by secondary white mit^ [paragon ite), scapolite, reo- 
lites, or minerals of the epidote group, often associated with caldte* 
The last type of alteration results from slight dynamothermai meta¬ 
morphism, and results in the separation, as it were, of the Ab from 
the An* The former is stable; but the latter changes readily under 
these conditions into zoislte, dinozoisite or cpidote, embedded in a 
"background"* of secondary albite. 

Sirius and Distribulion of Plagioclase in Rocks. 

Plagioclase of one kind or another occurs in representative mem¬ 
bers of aH the main rock groups. Rarely it may make up nearly the 
w'holc of the rock: albitite, oUgodasite, andesinitc and labradoritite 
(under the name anorthosite) have all been described, though only 
the last is other than very' rare. 

Apart from these monomLneralic types^ however, plagioclase is an 
important—often a dominant—component in many intermediate 
and basic rock-typeS. In general, in passing from more acid to more 
basic types, the plagioclase becomes progressively richer in An: 
thus in syenitic rocks oligoclase is commonly found; in dioritic 
(Induding andesitic) types, it is andesine typically; while in gabbroic 
(induding noritic and basaltic) rocks, labradorite or bytowuite 
occur—in greatest amount in the so-called anorthosite, which are 
coarse-grained rocks composed essentially of basic plagioclase only+ 

< I^emistcT, J., in Ftldspar," 4^fiw. Mag., siniii {1934), 

p, 541: Fries, C., “R«orbed Fcld^p^ in lipuiait,'' vJwift. Mtn.^ xriv (1939], 
p, 7^3; Hills, E, S,, "Reverse and O^illatory Zoning in riagiodas^ Fcldspafa/' 
Gioi- Mag., 1936, p. 49. . 
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Anorthite is less common: indeed, though it does occur in some 
gabbroic rocks (such as allivalite, for example) p it is more typical of 
metamorphic rocks. Art argillaceous limestone might be expected 
under thermal metamorphisin to give rise to anorthite, among 
other Ca-rich minerals. 

Id^niificaiion of ih£ Ptagiodase^ in Thin Section, 

It b highly important in petrography to be able to determine the 
composition of plagiodase in a rock* with reasonable accuracy. To 
dbtingubh orthodase or mjerodine from plagiodase usually presents 
Httle difficultyp for they separate from the magma at different tem¬ 
peratures and hence show dlflerent crystal habits. It b abo almost 
inevitable that there will be differences in surface relief and in degree 
of alteration^ The twinning is dbgnostic in the case of microdlne. 
Orthodase shows simple twinning only, on any of the three Jaws 
already noted: but pkgiodase may be ruitwinnedp twinnedp simply 
on these and other laws, or repeatedly on the albite or peridine law-s. 

As the pkgiodases fonn a continuous series of solid solutions 
whose properties vary regularly with change of composition p it 
follows that careful measurement of any one of these properties will 
furnish a valuable due to the composition of the specimen under 
test [Fig. 45). 

Measurement of the refractive indices p using the immersion 
method (p. 30) p is one of the most satbfactory techniques, particu- 
lariy if a set of standard liquids of known Indices b available. Most 
of the nietbods are based upon optical properties, and several 
involve the use of apparatus not normally available for students. 
With the Universal Stage a micro-section of the rock can be swung 
into almost any desired positioii for measurement; but with the 
ordinary petrological microscope the rock'-slioe has to be searched 
for suitably cut sections, that iSp those lying in a suitable position 
for measurement. For details reference must be made to one of the 
standard books on the subject. A good method makes use of sections 
cut at right angles to the albite twinning. 

Such sections show uniform illumination when the twin planes 
are parallel to the vibration directions of the pokmers, to the 
cross-wires. The extinction angles for alternate twin bands should 
be equal to within 2° when measured on opposite sides of the crosa- 
wire. The maximum angle only b diagnostic> and if possible at least 
six such sections should be measured. Reference to the line on Fig. 45 
marked "maximum extinction angles for sections perpendicular to 
010" will then give the composition of the plagiodase. In the special 
case of oligoclasc (Ab^ Aum) the extinction of both sets of tvim 
lamellae is straight. As the oomposirion,changes towards albite, the 
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extlnctioD angle increases to a maximum of 20'“^ while andeslne 
(Abfia Ahjs) also gives this angle. For angles less than ao*, therefore, 
a oon&rmatory test must be applied. This is easily done by means of 
the Becke test (p. 31 ); the refractive indices of andesine are above, 
while those of albite are below, Canada balsam. 

Sections of plagiodase twinned on both Carlsbad and albite laws 
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are of special value in these deienninations (Fig, 46). They show 
uniform iiluminaticn when the twin planes are parallel to the cross- 
wires if the section is perpendicular to the twin planes. In the 45° 
position they show Garbbad twinning, hut in the intennediate 
positions all four sets 01 twin lamellae can be seen. If the four ex¬ 
tinction angles are measured, it will be found that two pairs of equal 
angles have been obtained, and reference to appropriate curves will 
give the composition requin&<L*Fig, 43 suggests yet another method 
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involving meastucmeDt of the angle between basal deavage and 
peridine twin-lameUae in {010) sections. 


THE BAEtn&t FELDSPARS 

These are definitely the least important members of the group, 
they play minor rflles as rock-formers, and are probably unknown 
as normal constituents of igneous rocks. Hyalopbaaet a K-Ea 
feldspar occurs in crash zones in an ancrthositic lock, and is asso¬ 
ciated with cortindum,* There is bttle doubt that volatile^ from a 



no. ^6 

Sectiotia cij Cartsbail'albite compUiE twin of plaglDclase in three 
poaitiona, h^ftw^u 




nearby pe^atite have effected the exchange, K, Ba for the Ca, Na 
in the original plagiodasc. It is significant that the Ba-zeclitep 
hannotome, occurs encrusting the joint-faces of the anorthosite at 
this spot. 


THE FELDSPATHOro MINERALS 

In this group are induded several minerals which are closdy 
related, as their name implies, to the feldspars. They contain the 
same elements as the latter, though in different profxjrtions, and are 
notably poorer in sihean 

I^udte, the potassic feldspathoid, resembles orthoclase in com¬ 
position, The SiO^-tetrahedra are linked corner to corner, and if we 
consider three of these, the unit oontains SigO^. But in each unit of 
structure one proxy-Al takes the place of one Si; so that the fomiula 
of the unit becomes {AiSit)05. Balance of the total positive and 

■ Totutbsonp W, H., -'Gencsb of Corundum In a Dyke At Glca Riddl#p 
AfiJi., xmv {1^39}* 3 J 9 - * * 
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negative charges is brought about by adding one K atom, giving the 
completed fonnula:— 

K(AISi,)06 

with SiOj, 55-o; AlaOj. 23^5; and K^O, 21 *3 per cent. 

It is dificult to write about the crystallography of leiidte in 
unequivocable terms. In many mineral collections kudtes occur in 
the form, apparently, of the simple uninodihed icositetrahedron; but 
the optical properties of the mineral prove that it cannot bdong to 
the Drbic System: the form is a p^eud^j-icQiikirah^r&n, resulting 
from complex twinning of Orthorhombic or possibly Monodinic 
crystals which, in the imtwinned condition p are nnknown in Natufe, 



FIG 47 

Left, crystal of leucite siiowiiig piicodo-icosit^trahedral foint. JRigkt, central 
lection nirougb & leucite crysul between crossed polaro^rs to almw 
twiopieg in six directions. Dip arrows and si^ns tor verticality indicate 
the attitude of the twin lamcL^ in reUtion to the Eectlon. 


In thin leucdte normally shows characteristic eight-sided 
sections, when cut through centrally. The refractive in<JeXp 1-508^ 
is one of the lowest among common rock-forming minerals. Cleavage 
is absent; bnt small inclusions may be arranged in zones or tan¬ 
gentially, especially in the minute leudtea occurring in the ground- 
mass of some lavas. The most significant feature, however, is the 
twinning (Fig. 47). In a perfect, cedtraUy-cut section twin lamellae 
in six directions (parallel to the faces of the pseudo-rhombdodeca- 
hedron) give a particularly striking appearance, though, on account 
of the abnormally weak double refraction (o-ooi), very strong 
illumination is neoessary to make this feature really convincing. 
The mere fact that the twin planes are paraHel to directions which, 
in a Cubic crystal, would be planes of symmetry, proves that such 
leudtes are not Cubic. * " 
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As a fact, the small leudtes in the groundinass of a lava do 
appear to be Isotropic between crossed Nicols, and therefore are 
presumably Cubic. This is notably the case with Iava$ in which the 
groundmass crystals arc embedded m a base of glass. These facts 
seem to establish the existence of two forms of leucite: a hvgh- 
temperature Cubic form, only seen in Nature's quenching experi¬ 
ments; and a low-temperature form occurring as phenocrysLs, and 
exhibiting the twinning described above. 

Remarkable pseudomorphs of orthociase and nepheline after 
leudte have been described by Hussak, Berby, J. F. Williams, 
Teall, Sband* and Knight.^ These pseudoUucites, as they are <^edp 
whilst maintainiiig more or less the icositetrahedral form of leudte, 
have had their kndte-substance replaced by an aggregate of ortho- 
dase and nepheline. The latter mineral b sometimes represented 
only by a decomposition product. Other minerals such as b^atite, 
augite, hornblende, sphene, etc., are probably indusions from the 
original magma in which the leudte crystals were formed. 

These interesting pseudomorphs are explainable in the light of 
Morey and Bowen's work on the mdtmg of orthodase.^ They have 
prov^ that in cooling from fusion, a melt having the composition 
of oxlhodase gives rise to crystals of leudte, suspended m a liqmd 
phase more sUiceous than the original melt. At 1170* C, a transition 
point b reached at which the leudte is made over into orthodaseby 
abstracting silica from the residual liquid. With rapid cooling; as in 
Lavas, the conversion will be inhibited and the unstable form (leucite) 
will persist. With slow cooling {plutonic conditions), the conversion 
will be complete and no lencite will remain. Thus leucitep like nephe- 
linCp is unstable in the presence of free silica, with which it combines 
to form the pota^ic feldspar, orthociase: 

K(AlSyOa -1- SiO, = K{AiSi 5 ) 0 A. 

Lendtels far rarer than nepheline owing to its virtual suppression 
in all but the extrusive rocks. It is best developed in certain Inter¬ 
mediate and Basic lavas from the Roman volcanic province in Italy 
and from the Leudte Hills in Wyoming. The mineral gives its name 
to two Tock-types, leucitoph3.Te {see Fig. 104) and leudtite. The 
characteristic Vesuvian lavas, which provide most of the specimens 
in teaching coUectionsH carry prominent grey-white phenocrysts of 


^ HusuJe, /aArfr., ii p- 255 . ^ p. 

Jam. C&ti. %lvij flfigij. P- J- Wiiywna, Joum. 

i (1S95}, p. 194; Tean, ''Geolegical Structure North-West K%h]aq:d$/^ 
Mfm. ■IfS. Shuid, NwUei, JakTb., utii p. 4x3: 

Knight, Jam. xxi (190^). p. "^ 86 . 

* '‘lie Melting of Orthociase/' Amir. 3 ci. (sJ, iv (1^21^, pp, i-ia. 
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leurite, embedded in a matrix which is essentially basaltic m com¬ 
position. These are leudtc-tephiites and lendte-basanites. 

Nepheliae corresponds with kaHophOite and kalsilite [KAlSiO^ 
in composition p but contains Na instead of K, and is thus repre¬ 
sented ideally by the formula NaAlSiO** though actually Na is 
accompanied by K in naturai specimens. 

Nepheline crystallizes in the Hexagonal System, in a class showing 
only one element of symmetry—the vertical hexad axis—but this 
low degree of symmetry is not apparent from the morphology of the 
crystals, for they exhibit the simplest possible combination of 
forms: a hexagonal prism capped by the p^cn (oooi]. 

Diagnostic ChiracUrs in Thin Scoiion. 

Nepheline is one of the more dMcult minerals to identify in thin 
sections. In some rocks in which the mineral occurs as rather squat 
prisms, many sections are nearly square, while a number are hexa¬ 
gonal. The former are vertical seotionsj they pdarbe in grey and 
extinguish stnught. The latter are basal sections, and they remain 
dark on rotation of the stage (see Figs, 1^2, and 125). 

In many rocks* however, the useful evidence of shape is not 
availablep and the best use must be made of other characters: the 
low refractive indices (for the pure mineral 1*537; ^ *533)) the 

very weak birefringence (0-004); ^he uniaxial, negative character; 
feeble cleavage traced to which extinction is straight; and the 
associates in the rock. Nepheline is usually accompanied by the 
Na-Fe amphiboles and pyroxenes such as riebeddte and aegidne; 
while it commonly occurs with. and shows alteration into* esnerinite. 

Finally, nepheHne gelatinizes with weak acid, in which condition 
it readily takes a stain such as fuchsine* which serves not only to 
difierentiate between it and other optically-similar minerais, but 
also emphasizes sluing which tnay be practically invisibie in the 
untreated slide.^ , 

Nepheline is prone to alteration, and in some rocks has been 
replaced by an ^gregate of white mica (in the so-called liebenerite 
pseudomorphs), by zeolites (uatrolite is the most appropriate* 
judging from its composition), or by cancrinite. The latter is most 
distinctive (see p. loi), and very useful, for by its presence it may 
confirm doubtful diagiii>se 5 of nephdmc, 

r/w RiSfr of Nephdim in Igneous Rocks. 

Nepheline occurs in rocks characterized by an abundance of 
alkalies and aluminap but low in silica. Thus it is never found in 

■ Shand, S. J., "'Staining cf Feldiapathoids and on Zonal Strticturc in 
NcpbEtlinD/' Mm., sociv p. 
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Add rocks, but be abundant in thcee cf Inteniiediate to Basic 
ccmposition. In an add magma containing potential free silica cotn- 
bination takes place between the components of nepheline and the 
silica^ thus:— 

Na(AlSi)0, + 2SiO, = Na{AlSi,)Oa (albite)* 

Consequently nepbeline tends to take the place of albite in magmas 
dcfident in silica^ and in certain types of nepheUne-syenites, for 
example, all the felsic mineral may be nephdine^ In hand-specbnais 
of nephclinc-sycnitcs and nepheline-gabbros the minexal may be 
more obvious even than in thin slice, paitieulajly on weathered sur¬ 
faces. In certain examples from near Pretoria, South Africa, the 
rH>dc-surfaces have been naturally etched; the white feldspars and 
black coloured silicates stand in strong relief to the eubedral nephe- 
lines up to half-an-incb across, which have been weatbered-iif, but 
show their charajcteristio shapes. In fresh specimens the nephelines 
are grey, with a rather silky texture and greasy lustre; but weather¬ 
ing develops a strong red or reddish-browci colour. 

Among the Intermediate lavas, a well-diaracteriEed type is 
phonolite (p. 250 and Fig. 102}; while among the Basic lavas nephdine 
occurs in tephrites and basanites. The term nephelinite b appUed to 
similar lavas in which the nephehne is unaccompanied by M^par of 
any kind (Fig. 125)^ 

Three other members of the Feldspathoid group of mlnerah are 
often associated with nephelinc and arc doscly related to the latter 
in chemical composition. They are sodalite, nosean and hagyne* 

Sodallte.—Sodalite is a cubic mineral which is normally seen as 
grains or inter^tial patches in certain types of nephehne-syenites. 
Occasionally it ranks as an essential mineral and then may be seen 
to form bright blue patches in the band-specimen* 

In thig section sodalite is mvariably colourless, and is best 
examined with the diaphragm carefully adjusted, when a Becke 
test will show results consistent with a particularly low refractive 
index (1*48). This Ls considerably lower than the indices of the 
feldspars and nepheline with which the sodalite is normally asso¬ 
ciated. Under the same lighting conditions the sections wiU show 
traces of an imperfect dodecahedral deavagCp Between crossed 
polarizers the mineral b, of course, isotropic. 

On account of its rather negative characters, sodalite b never 
easy to identify with certainty, and La some cases a microH±emical 
test b neoessaIy^ Small quantities of the mineral have been dis¬ 
covered in certain rocks by nsiiig ultraviolet light, when sodalite 
exhibits a brilliant yellow fluorescence,* 
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The exact composition is rather doubtful: it may be represented 
by the following formula— 

nNaAlSiO^. NaCl 

Nosean or Koselite is also cubic, and crystallines in the same 
form as sodalitc, i.e., the rhombdodecahedron. The crystals are 
cominonly very light yellowish-grey in thin section, and although 
they may show the characteristic six-sidcd sections to be expected 
on account of the crystal form, they are often strongly corroded, 
with a heavy dark margin [Fig. 48). As the refractive index is low 
(1-490) negative surface relief i$ exhibited. Curious canal-like 



Pro. 43 

Sections qI dww from nosean-leadtophyre, Rfedeo, Eifel, showiiig cEwts 
of magmatic corroibDii, tha chaiacttn^tic marldings, trains of 

gas bubbly, cleavage and (rtgU) schtUer stnictti», 

channels cross the surface, and traces of a dodecahedral cleavage 
can frequently be discerned. ^ 

Hsuyne or Hauyoite.— This mineral also crystallizes in the 
same form as sodalite and noscan—the rhombdodeeahedron-'-and 
shows much the same features as the latter, in regard to shape, 
corrosion, and cleavage, but is distinctive on account of its pretty 
sky-blue colour in thin section. 

As regards composition, again there b some doubt, but both are 
dosely related to nepheline, and while nosean contains Na^SO.,, 
hauyne oontains CaSO*, in l^th cases additional to the nepheline 
molecule. Actually natural specimens are intermediate between 
these tw'o, owing to the interchangeability of Na and Ca. 

Both nosean and hauyne M&essentiaUy restricted to fine-grdned 
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tiepheliDiic or leucitic rocks. The former cxxurs^ for example, id the 
nosean-leiidtophyre from Rieden in the Eifd (Fig, 4S), wd in the 
no$ean-phadQiite \vhich forms the Wolf Rock ofl the Cornish co^t. 
Hau^me is not imconniLon among the kucitic lavas of the Roman 
volcanic province, 

Caocrloite is related to nephdine in compo^tion^ and in a sense 
may be regarded as "aepheline-carbonate"^ vdth a rather doubtful 
formula p perhaps 3NaAl&i04. {Ca,NapH)CO||* 

This mineral is Hexagonal, but rardy forms definite crystals. 
Occasionafly it is a primary constituent of nephdine-syenilea, and in 
so-called cancrinite-syenites is an essential component. More often it 
fills a Elinor rfikp as an alteration product of nepheUne^ or arises by 
reaction between the latter and included grains of caldte (see p. 243), 
In Britain cancrinite has been recorded from a pegmatitic fades of 
the rare pseudoleucite-bearing rock, borolanitej, at Loch Eorolanp 
Assjmt** 

Under the microscope it occurs usually in shapeless masses* either 
in* or marginal to, nepheline. It b colourlesSp with both refractive 
indices below balsam; « = i'496* y ^1^519. It has a perfect 
prismatic cleavagCp and as its birefringenoc b high (0'023) it may 
resemble muscovite^ but b easily distinguished therefrom by its 
negative relief, by its associates, and by showing a imiaxial negative 
interference figure in conveniently orientated sections in convergent 
light. 

Melilite.—Thb name is applied to a series of uncommon* some^ 
what complex sQicatcs of caldum, aluminium and magnesium. Any 
one specinten may be regarded as having a composition that can be 
expressed in terms of the two end-members of the series^ akennanite 
(C^MgSijOji) and gehlenite (Ca|AljSiO|). 

Meliiite oystallizes in one of the less s>Trirnetrical dasses of the 
Tetragon^ system^ but actually crystals are rare* and the student 
encounters the mineral in thin sections only* 

Like leucitCp meliiite b essentially a constituent of certain basic 
lavas and dyke-roekSp notably rich in caldum^ Melilite-basalt 
remains the only well-known rock containing appreciable amounts of 
thb mineral, but it is rare. An interesting Britbh occurrence of 
melilite-bearmg rocks has been described from Scavrt HLU in Co* 
Antrim p from the contact-zone of a Tertiary' basaltic plug intrusive 
into Chalk-with-Flints.^ 

In thin section metiUte b very distinctive. It occurs in the form of 

* Stew^, F., JW^. htiMg., aatvii P- 

« Tiil^p C. E., ”Ili« Xkjlerite-Ctilk contact of Scawt Hill..Afi*. Mag., 
xiii (1931},. p, 439. 
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lath-shaped sections often with somewhat imgnlarcorroded margins. 
On aocoiidt of the modemtdy high refractive indices surface relief is 
strong, but the chief diagnostic feature is the birefringence. The 
typied interference colour U an abnormal inky blue, deeper in the 
central zones than in the marginal parts of the crystals—the cores 
may be nearly isotropic- 

The genesis of melilitft has been studied experitueutally and is 
considered on a subsequent page, 

MINERALS LARGELY SECONDARY AFTER FERRO- 
MAGNESIAN SILICATES 

(a) THE CBLOniTE-SEKPENTlNE GROUP 

The minerals falling in this group are often regarded as bdongiug 
to groups, the chloritfs and the serpentines: but ail these 
minerals are dosdy related in composition and in physical characters, 
so it seems best to consider th™ together. Treated thus, the ser¬ 
pentine minerals become eud-members of the larger group* Funda¬ 
mentally, they are hydrous silicates of alumimum and magnesium, 
with iron tending to replace both of the latter components. Actually 
the composition of an individual specimen is complex, but can be 
expressed in tenns of the end-members of a variable series, the more 
important being:— 

Antigorite (a serpentine) (OH)4Mg^SiiOjp which is comparable 
with Fcrroantigonle, in which all the Mg ions are replaced by 
Fe^ 

AmesitCp in whidi A1 replaces part of the Si, with the necessary 
adjtistment of the valency—{OHj^Mg^ALSiOj; while 

Daphnitc is the corresponding iron-bearing member: 
( 0 H),Fe^Si 05 . 

Winchell names thirteen members of the group, each with a definite 
range of composition, but their identification is a problem for the 
expert mineralogist. Therefore the present account is limited to the 
essential cbatacters of the commoner members of the group* 

As the name implies, the etdontes are: typically deep bluish-gi^cn 
in colour* and often superficially resemble the micas, though they 
are softer (hardness, 2 to 3); they have a soapy "Teel"' in hand- 
specimens; and while they deave readily, the deavage takes are 
not elastic like thesse of mica, Crystallographically also they resemble 
the micas in being apparently monodmic but with pseudcKhexagonal 
symmetry. 

Again like micas, the chlorites are of the sheeted layer type as 
regards atomic structure, whidP accounts, of course, for thdr perfect 
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cleavage. The fundaments basis of the stnicture is a sheet of 
SiO* tetrahedia linked Into a repeating hexagon^ pattem^like that 
illmtrated for the micas in Fig. 37. The armngeinent of the atomic 
sheets is polaCp however* the stack iliustrated in Fig, 28 being re¬ 
peated bdow the horizontal plane^ instead of being reflected across 
itj as in the micas. 

Antlgorite and Cliryaotlle are apparently dimorphous forms of 
the same serpentine mineral* the composition of which may be 
written thus:—(0H)BMggSi40ip. 

The difference between the two forms is one of habit: antigorile 
is lamdlai* while chrysotilfi is flbrous* and when the fibres are of 
adequate length, is exploited as one of the forms of commercial 
asbestos. 

In thm section they are pale green, with modwate refc&etivei 
indices; y = 1^571 and af = 1*560. Thus the birefringenoe is 
0*0x1 or less. 

These two minerals make up the greater part of serpentinites— 
serpentine rocks—having hem formed from olivine* orthopyroxene 
(when the pseudomorphs axe termed ^^bastite'^) and other ferro- 
uiagnesiaii silicates, 

Penninite is one of the commoner ddorites* being a widely- 
distributed alteration product of micas* amphibolcs and pymxj^es. 
Penninite is an iron-poor chlorite, relatively deficient m alununium* 
and may be expres^ as dominantly Ant^o^ It is the 

chlorite nearest in composition to the serpentine antigorite. It may 
be noted that some of the A1 ions occupy positions in the structure 
that axe normally filled by silicon: i.c., they Ue in the centre of 
tetrahedral groups of four oxygeuSj and should be regarded as 
proxy-aluminiums. In thin section the mineral appears light green 
and slightly pleochroic. Frequently it is fibrous* and shows a radial to 
sphenilitic stroctuxe. With indices oe = 1-575 Y = ^"57^^ 
bircfringei|ce is very weak—o-ooi. The most distmctive feature* 
however* is the iot^erencc colour conunonly described as ^^ultra- 
blue,' It is a deep inky blue usually^ but deep brown* or rich violet 
are also sometimes exhibited. As the acute bisectrix, Z*is perpendi^ 
cular to 001, and therefore to the deavage traces* all sections show¬ 
ing the deavage traces will prove to be fast along the deavages. 

CUuochJcre or CUnocWorfte.—This chlorite has the same 
limited iron-content as penninitei but is richer in Al, The composi¬ 
tion may be expressed Ant^^^ Am,i4^* that is* about equal 
amounts of the antigorite and amesite molecules. The general cptkal 
orientation is the same as penninite but chlinochlorite may show 
slightly oblique extinction (2 to 9*) measured to the deavage traces* 
hence the name of the mineral. The Surface relief is much the same 
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as for petiiimiteH but the birefringence is slightly greater (0-004 
0*011). The most distinctiye feature, however, is repeated twinning 
oUi the rnica law. 

Iddingslte and Bowling^te^—In certain types of basaltic rocks 
the olivine phenociysts are partially or eCTtipletely converted into a 
strongly coloured ydlowish or reddish-brown lamellar mmcral, 
known under one of the above names. Their exact composition 
seems tuicertain^ but they are certainly highly femiginous hydrous 
silicates, which are themselves easily altered into limonitic pseudo- 
morphs* 

Iddingsite is slightly pleodiroic; it has strong surface reliet 
(average values of a and y being i-yoz and 1*743 respectively); 
and strong birefringence, though the high order interference colours 
are masked by the strong absorption. 

li^ppears probable that there is no fundamental diflerence be¬ 
tween the minerals covered by these two names. 

Chlorophaelte,—Under this name a strongly coloured chloritic 
mineral has been described from certain of the basaltic and dolcntic 
rocks of Carboniferous age from the Midland Valley of Scotland. 
Its most distinctive feature is a rich green colour when fresh; but it 
is prone to very rapid oxidation when it turns brown. 

{b) TALC 

This mineral resembles the chlorites and micas in having an atomic 
structure of the extended sheet type, which imparts the usual 
perfect basal deavage and pseudohexagonal symmetry. Since the 
linkage between the atomic sheets is exceptionally weak, the latter 
readily slide over one another^ and consequently talc Is used as a 
'"dry” lubricant. It is exceedingly soft, being the indicator mineral 
for ""hardness l'* on Mohs' scale; while a soapy feel is a characteristic 
feature—the popular name for massive tde (steatite] is soapstone. 

Talc is a hydrated silicate of magnesium and may be represented 
by the formula (0H)jMg3^i^0„. It is produced by the alteration of 
magnesium-rich silicates, and is topically found in metamorphosed 
ultrabasic and basic igneous rocks. One well-kncwn mode of occur¬ 
rence is the so-called actinolite-talc schist, m which the talc acts as 
matrix to the actinolite crystals. The mineral occurs, too, in seipen- 
tiuites, and in these and all other occurrences there is a distinct 
resemblance to white mica in thin sections. The optical orientation 
of talc is the same as white mica, with the optic axial plane parallel 
to (100), and the acute bisectrix, X, perpendicular to (001). Thus the 
sign is negative but positive elongation is shown in ^1 vertical 
sections. Further, the refraction (y = 1-575 to 1*590, a = 1*538 
to I ■ 545) and doubb reftaction*{0'030 to 0*050) are similar to white 
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mica. In spite of these re^mblanoes to white micap particularly to 
seiicite, there is no risk of confusioD^ for the a££ockte$ ol the two 
minerals are entirely difterent: white mica is characteristic of add 
rocksp while* as noted above, talc occurs in ba$ic and ultrabasic 
assemblages. 

(r) THE CARBONATE GROUPS 

There are two important series of carbonates^ named aiter the 
crystalline forms of CaCO^^ firstly, the dominant Caldte Groupp in 
which all the species cry'stalhie in the Trigonal System; and secondly, 
the Aragonite Group, of the Orthorhombic carbonates. The latter 
are very rarely found in igneous rocks, and for this reason they will 
not receive further consideration here. Even the rhombohedral 
carbonates of the calcite group play a very subordinate r6le in 
igneous rocks, despite their great importance in sedimentary !<fcks. 

In atonxic stnictune the minerals of the carbonate groups diller 
fundamentally from all those $0 far considered^ in that they contain 
complex radides or groups of atoms in whkh the spacing is much 
doser than that which would be deduced from the atomic radii^ 
Thus each carbon atom is in more than dose contact with three 
oxygen atoms which form a single inseparable unit, the COj radide. 
The presence of the Utter b cbaTacterbtic of the carbonate group, 
and in caldte, for example, the atomic slnicturc involves the regul^ 
grouping of Ca atoms and CO^ radides. As carbon is tetravalentp 
there is a residual charge ol two units on each COj group, which is 
balanced out by the addition of Ca, Mg^ Fe or Mn, 

The chief mmerab in the group are tabulated bdow:— 


Cakate 

CaCO, 

y 

1-658 

CE 

1-486 

0-17^ 

Magnesite 

MgCO, 

1+700 

1-509 

0-191 

Siderite 

FeCO, 

I ‘375 

"*633 

0-24Z 


CaMg(COJ. 

T‘&SO 

I-SOI 

0+178 

Aukeiite 

Ca(Mg, Fe)(CO^, 

— 

— 

—■ 


Analyses show that there is a considerable degree of miscibility 
between the various end-raemberSp and also with MnCO^ (rhodo- 
chrositc). 

Calcite shows a greater variety of oystal habits than any other 
mineral. The combinations of forms include hexagonal prisms* basal 
pinaeoidp acute* unit and obtuse rhombohedrap and the very charac¬ 
teristic “genera] fonUp^ the scalenohedron, (2131). Except the first 
two, aU of these may occur as simple forms. Popular names have 
been given to some of these habits: thus ory^ab formed dormnantly 
of the scaknohedrun are termed “d^-tooth spar"; while “nail-bead 
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spar" is a type c! crystal combination tennlnated by tlie obtuse 
rhombobedron. In igneous rocks the finer points of the crystallo¬ 
graphy of are of UtUe significance, since the mineral is almost 

invariably of late^ and generally secondary^ origin, and therefore 
occurs in anhedral grains and aggregate. 

The characteristic and almost sob form exhibited by the other 
members of the group is the unit rhombohedron ; but commonly the 
faces of the crystals are composite and strongly curved, giving them 
a very characteristic saddle^aped appearance. 

Apart from their crystallographic characters, the outstanding 
feature of the rhombohedral carbonates is their perfect dcavage^ 
parallel to the faces of the unit rhombobedron (loii). 

Id tbin sections it is impracticable to differentiate between the 
several members of the group by ordinary methods, but it is rela- 
iivify easy to do so using microchemical tests which are described 
in the appropriate text-books on petrographic methods. As is shown 
in the above tabbj the double refraction is outstandingly strong. 
Therefore in sections of normal thickness they polafize in high order 
colours and often appear dappled with very ''waterypink and 
green. In caldte, one of the indices is below^ the other well above 
that of Canada balsam^i so that any section of the mineral (other 
than the basal one which b, of coursej singly refractiug), changes in 
appearance as it b rotated over the polaii^r. In certain positions 
the refractive index of the light passing through it will equal that 
of the balsam^ so that the caldte practically disappears. Wlien 
turned through a right angle^ howeveti the outline becomes bold 
and the surface reUef strong. Thus the rapid appearance and disap¬ 
pearance of strong surface relief on rotation of the stage constitutes 
a unique test for caldte. 

The carbonates are characteristic weathering products of igneous 
rocks, particularly the more basic ones. In extreme cases little but 
the original texture remairus: all tbe component minerals^h^ve been 
replaced by caldte* with small amounts of other secondary minerals. 
Normally caldte arises by weathering or hydfothermal alteration of 
calcium-rich silicates* notably the more basic plagioclases. In addi¬ 
tion, calcite is a very common assodate of zeolites, chlorite, chalce¬ 
dony, etc., iu veddes and amygdules. 

In two groups of rocks the presence of carbonates is of special 
significance. In some nephelme-syenites calcite occurs and has all 
the appearance of a primary mineral: it oocurs in anhedral grains 
surrounded by and embedd^ in other primary minerals, that thus 
appear to be of later formation. This fact is significairt in connection 
with the problem of the origin of this type of igneous rock, and is 
more fuUy^ considered in due*course^ Intrusive veins, dykes and 
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plugs of Carbonate are not uncomition in nepheline-syenite oam- 
plcsces (see p. 243), and are known as carbonatitesH. 

Those peculiar rocks collectively known as lamprophyres also 
oontain carbonate in notable quantities^ often sufficient to cause 
effervescence with dilute acid. In this case the carbonates appear to 
be of deuteric origin (p. 175)1 they are found not only widdy dis- 
persed in the groimdroass of the rocksp but also form pseudomorphs 
after olivines. In such cases it may be questioned if the carbonate is 
really calcite: it might be ejcpected to be magnesite. 

Althongb ore formation is beyond the scope of this bookp it is 
appropriate to mention that the carbonates here considered are 
widely distributed in mineral veins, and are typical gangue minerals 
—vdtness the many beautiful specimens of well-crystallized fluorite^ 
calcite, dolomite and quartz associated with blende and galena that 
are prominent in all mineral collections. 

minerals largely secondary after alkali- 
ALUMINOSILICATES 

(d) THE ZEOLITES 

The zeolites constitute a group of hydrated silicates of alummitim, 
with Na, K, Ca or rarely Ba, and therefore are closely linked with 
the feldspars in chemical characteristics. In large measure they are 
produced from the Latter and from the feldspathoids by hydro¬ 
thermal alteration. This relationship is emphasized by the ease with 
which zeolites revert to feldspars under the impetus of thermal 
metamorphism. A commen mode of occoirenoe is as inhllings of 
amygdales and vesicles in altered lav^, and many fine spedmens in 
mineral cabinets come from such occurrences* 

The zeolites are almost unique by reason of the ease with which 
they part with the loosely held water of crystaUtEation. This property 
gives the group its name (from —I boi])^ as on heating the water 

is evolved violently. They axe noteworthy again on account of the 
ease with which base-exchange may be effected. This property h 
exploited in the process of water-softeningp though artificial zeolites 
are used, as natural ones do not occur In sufficient quantities^ 
CrystaUpgraphically the zeolites are interesting as providing good 
examples of pseudosymmetry. Careful measurement shows that 
many crystallize in systems other than those which would he selected 
after superficial examination. Thus among the commoner zeolites 
some are nearly Tetragonal, others nearly Rhombohedralp several 
appear Orthorhombic but are actually Monoclinic. The efiect is 
often enhanced by complex twinning. For example, a Monodinic 
zeolite, in the untwinued form ndt unlike a feLdspar^iu general 
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appearance p may assume the external form of a Cubic rhombdode- 
cahedron. In short p the zeolites tend to shake one's faith in crystal¬ 
lography. 

Although some of the zeolites are best left to the expert for exact 
determitiatioD in thin section^ they serve to illustrate certain aspects 
of micro-petrological techniquep and these are emphasized in the 
following account. 

For purposes of description we consider together certain zeolites 
which have a distinctly fibrous habit* 

TAtf Fibrous 

(i) Natrollte.—As the name suggests this is a sodium-aluminium 
zeolite^ and therefore chemically related to both albite and nephe- 
line. MTien the individual crystals are sufficiently well develop^ to 
shov^their terminations p they give the impression of being much- 
elongated Tetragonal prisms with bip5^amidal ends. Actually they 
are Orthorhombic, but the ratio of a : b Is 0*978 to i—very dose 
to the 1 : I Tetragonal ratio^ The distinctive optical characters 
include negative surface reliefp as both indict are wdl bdow Canada 
balsam (a = 1*476, y = 1*488)- The birefringence (o-oiz) is there¬ 
fore a little above that of quartz. The acute bisectriXp is coind- 
dent with the axis of dongadon^ therefore aU prismatic sections 
must show a slow vibration parallel to the lengthy Thi^ is sometimes 
concisely stated thus: the crystals are ^'length—slow/^ 

(ii) Scoledte^This is a caldum-altiminium fibrous zeolite^ 

whidi is therefore analogous with anorthite among the feldspars. 
This mineral also is pseudosymmetrica], a$. although it is Mono- 
dinic, the angle p is close to a right angle^-90" 42' only. It is more 
distinctive in the optical than in the crystallographic sense, as the 
acute bisectrix X tnakes an aoigle of 15* with the axis of the crystal 
In this case the crystals arc 'length—fastp" of course. Both indices 
are below that of balsam (« = y = I'Srg). The maximum 

birefringenoep 0‘007 p is almost indistinguishable from that of quartz. 

(ill) Thomsonite is Orthorhombic* but pseudotetragonal, as the 
a : b ratio is 0-993 = Again the crystals are elongated parallel to 
the c-axb, and vary in habit from prismatic to fibrous or lamellar. 
The cleavages are pinacoidal, that parallel to (010) being perfect. 
The most useM optical character is the orientadon of the optic 
axial plane* which is parallel to (001) p and therefore at right angles 
to the length. As the opdc normal coinddes with the axis of elonga¬ 
tion, some of the prismatit sections will be length—slow, but others 
length—fast.* Otherwise thomsonite resembles the other fibrous 

^ It nmit ucit be assumed that thDmufiJtB b the only cealiti! which duplaya 
this feature. Mcsqhte, another Na-Qa zeolite of findy ibroua habit, » also 
elongated alogg Y uid therefore tuis jxaitive-ne^tive elongation. 
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zeolites in having refractive indices below balsam; but the bire¬ 
fringence varies somewhat with the composition, and may reach 
0*020, though a lower value—about O'Oij—would be more appro¬ 
priate for a zeoUte. Even $0, the interference colours may range 
through the more brilliantly coloured upper half of the first order of 
Newton's scale. 

All the fibrous zeolites are composed of SiO* tetrahedra linked 
into chams which are aligned parcel to the principal axis of the 
crystal. In natrolite there are five tetrahedra in each link of the 
chain p therefore the formula is based on 5Si04. In all zeohtes, how- 
eveffc a proportion of the silicons are replaced by proxy-alummiumSp 
as in certain other itunerub already considered. Thus in natrolite 
5Si03 becomes [Al^yOjp. To restore the valency balaDce, cations 
must be added^ and the complete formula is Na3(AlaSi^0]a. 2H3O. 

Scoledte is similar, e^fcept that Ca takes the place of Na^. MeS^te 
is so named as it occupies a middle position l^twecn natrolite and 
scoledte; while thomsorite also contains both Ca and Na* In this 
casCp in order to maintain the b alan ce readjustment of the ratio of 
silicons to alumlniuins is necessaryp and (CaAl) takes the place of 
(NaSi). The formula is still of tiie type n{Si03), but n = 40^ and the 
composition is represented by Na^Ca,(Al^tS[jJOflfli. 24 H^O, 

A second important group includes stUbite, heulandite, philHpsite 
and harmotome of altogether different habit from the preceding. 
Stilblte and Beulandlte often occur together in beautiful crystal 
groups. Both may be coIourle53, cream or pink ■ both show striking 
differences in lustrCp that on the (010) faces being pearly^ while all 
the other faces are equally glassy-looking. This results from a 
perfect cleavage parall^ to the side-pinacoid, and probably these 
minerals have a sheeted, instead of a chain-structure. Stilbite forms 
very distinctive groups of crystals, pinched in at the middle Idee a 
sheaf of wj^eat. Heulandite, on the other hand, exxurs in wdl-formed 
Monodinic crystals of coffin-like shape^ the '"Ud** being the pinacoid 
(010). The crystallographic difference is readily checked by an optical 
test. The optic axial plane is perpendicular to (010) in heulandite, 
and the acute bisectrix, Z, emerges at right angles to this face and 
to the cleavage. In stilbite, however, the optic axial plane is parallel 
to (010). Therefore the examinatiop of a cleavage flake in convergent 
tight will immediately afford a means of distinction. 

Both stilbite and heulandite are Ca-Na zeolites, and therefore 
related in composition to mesolitc and thomsonite, hut differ from 
these in the proportions of the several components, 

Phlllipsite provides an example of pseudosymmetry carried to 
the limit: it is possibly Tridinic, e'erttiniy not more symmetrical 
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than Monodinic; but it is Invariably twinned and Iex>ks to be at 
least Ortborhornbic, often Tetragonal and in extreme caseSp Cubic. 
The twinning is the chief diagaostic feature under the microscope p 
though it is not unique in this respect and the optical orientation 
must be checked to distinguish it from the mudi rarer hannotome, 
PhlUipsite occurs as an alteration product of feldspars of the appro¬ 
priate composition ; bnt in addition is deposited by hot springs and 
occurs also in the red day of the oceanic deeps. 

Phillipsite contains both K and Ca—a condition impossible in a 
homogeneous feldspar^ but common among the perthltes„ of course^ 
In raSiO^ half the silicons are replaced by proxy-Al's, while the 
ratio of K to Ca Is variable- 

Finally^ Harmotome is mduded as an example of a zeolite con- 
taitiing barium, and therefore related to, and derived by alteration 
fron^the barium-feldspars celsian and hyalophane. The ciystab 
usually occur as very distinctive erndfoTm twins. 

AnaEclte or Analdme^—Although aualdte may be considered 
as dosdy related to the feldspathoids^ as it contains loosely held 
water of crystallization (which links it with the zeolites), it is con¬ 
venient to consider it here. It crj^tailizes in the Cubic system* the 
only common fonn being the icositetrahedron, though rarely the 
cube occurs m addition. Usually the crystals are dead-white^ but 
they are sometimes tinged mth pink, and rarely may be colourless 
and quite transparent. 

Anaidte is a hydrated silicate of sodium and aluminimu* essen¬ 
tially NaAlSijOft. HjO. In its degree of sillcatiou, therefore, it is 
comparable with leudte. ArtUicid anaidte readily exchanges its 
Na-atoms for Ag or Rb* for example. In this connection it is signi¬ 
ficant that K-anaJeite occurs as phenocrysts in lavas in Montana, ^ 
and on the other band that analcite occurs as an alteration product of 
Jeucite, e.g., in East Lothian, Scotland. As might be anticipated* there 
is no difference between the X-ray patterns of K-analcite a^d leucite< 

In thin section anaJdte may be a difficult mineral to identify with 
certainty* on account of its rather negative characters. Typically it 
is quite colourless* with low surface relief consistent with its low 
refractive index (i-4S7)* Careful manipulation of the irb diaphragm 
will often cause the sections to display cubic cleavage. Sometimes, 
as one would expect from its crystal character^, it is perfectly 
Isotropic; but often it exhibits optical anomalies* such as weak 
birefringence (about 0-002) and complex twinning, In a manner 
somewhat remlnisoent of leudte. In weathered rocks anaidte 
is represented by turbid alteration products, and m such cases 
pCksitive identification is impracticable. 

* BuSl. Gtai. Sot, Iv ([944), p. 445. 
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In British rocks analcite is widely distributed especially in the 
Intermediate and Basic rntrusives of Carboniferous notably 
teschenites and crinanites and in basaJtic lavas of comparable com¬ 
position. The minera] is probably most abundant in the so-calLed 
analdte-syenitep an example occurring at Howford BridgCp Ayrshire. 

The associates of analdte in these rocks are ilmenitet Iabradorite> 
lilac-colouTed titanaugitep and red-brown barkevikite. In all these 
rocks the analdte is a primary mineral, though of kte formation. 
Therefore it nomially occurs in interstitial patches between the 
earlier formed constituents; but with increasing amounts it spreads 
into the adjacenst plagiodases along cleavages and veinSp and pro* 
gTcssivdy replaces them. This anaidtizaiion is a late-stage replace¬ 
ment comparable in its effects with albitizatinn. At a still la^ter 
stage, solutions from which analdte can crystahize percolate into 
steam cavities, vesicles and geodes, and euhedral crystals in mkieral 
coDectiorrs come from the linirrgs of such cavities. 

The importance of analdte in petrogenesis lies m the fact that 
magma containing it in any quantity is of notably low viscosity* 
and therefore particularly prone to shoiv the effects of differentiation 
through density stratification. 

{b) THE EPIOOTE CHOUP 

This group of minerals comprises the Orthorhombic zaisitc, and 
the Monodinic dinozoisitep epidote (pi5tacite)p piedmontite and 
Orth it e (albnite)* 

The composition of zoisite may be represented by the formula 
{OH)Ca^ljSijO„. If any iron replaces aluminium, the substance 
tends to cry^taliiae in the Monodinic system, as dinozoisite. The 
latter is one end member of a continuous scriesp the other being the 
hypotlieticai ''iron-epidote" (OHjCaaFeiSi^Oi*.. If the latter does not 
amount to more than lo per cent of the whole, the mineral is dino- 
zobite; i^ between 10 and 40 per cent, the term epidote is applied. 
No natu^ epidote contains more than 40 per cent of the iron- 
bearing cOTiponent. Two members of the group are notably rich iu 
manganese: thuhte is a manganiferous soisite; while piedmontite is 
a manganilerous epidote with the formula (0H)Caa(AlpMTi;)^5i30EB- 
The variety withamite is a poorly manganiferous piedmontite. 
Finally allanite, sometimes called orthite, is essentially a variety of 
epidote containing the rare elements cerium and jdtriiim. 

CUno^isite—Epidote.—^Ah Monodinic members of the group 
occur in ciy^^staJs elongated along the ^axis« and difficulty is experi¬ 
enced in sorting out the faces in the principal zone parallel to this 
direction. Commonly the basal pinacoid [001), orlhopinacoid (100) 
and a hemiorthodomc (loi) occur in this zone, and while some of 
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the faces ate strongly striated in characteiistic fashion, othaiB may 
be perfectly smooth and highly lustrous, while again others may be 
relatively dull. Two observations may be of assistance: the common 
type of twin, often betrayed hy a re-entraiH angle at the ends of the 
oystal, has the t;vm'plane pa^el to {loo), which may therefore be 
identified; while the cleavage is parallel to the basal pinacold (ooi). 

In its simplest d^elopment the end of the crystal of epidote shows 
the unit prism, with faces meeting in an edge paiaUd to the twin 
plane and to the face (lOo). Sometimes the Ct3ratals are terminated 
by a hemibipjTamid; or by combinations of prisms and hemibi- 
pjTamids, 

Cprstals of epidote may be nearly black, but usually are of a 
distinctive shade of yellowish green, termed pistaocdo green, hence 
the synon^mi, pistacite. The darker coloured crystals may bear a 
strong superficial resemblance to tourmaline; but, unless they are 
too thick, may be readily distinguished by the different absorption 
of light in different directions perpcndicnlar to the principal crystal¬ 
lographic axis of epidote. Tourmaline, of course, on show no such 
differences in this zone. 

Optical Properties. 

The optic^ and other physical properties vary systematically 
from ctaoroisite to ferriferous epidote. The mbimum and maximum 
refractive bdloes and the birefiingence are tabulated below_ 

clinozoiaite fenifeiiDiis epidote 
a I-JS5 1.732 

y *-740 1-731 

biretnngejice (y - tt) 0 015 0 049 

Thus the highest interference colours in a slide of normal thickness 
{30 microns) should be a pale third order yellow for iron-rich epidote. 
The value of the birefringence rises rapidly with bereasing iron con¬ 
tent. When the latter is low, the sections are colourless; but bereasing 
iron causes a light yellow colour and slight pleochroism. A note¬ 
worthy feature of epidote and other mberals m the group is the 
noticeable variability in birefringence even withb the limits of a 
small ciii^tal. The birefringence of cUno-zoisite is notably anomalous, 
on account of strong dispersion; the interference colours are rich 
dark-blue or brown, like those of peniunitic chlorite. 

The plane of optical symmetry (optic axial plane) is perpendicular 
to the length of the crystal, therefore all sections Ij-mg with the 
principal crj'stallographic 6-axis b, or parallel to. the plane of the 
slide, will exhibit straight extbetion. Sections cut perpendicular to 
th^ lengthp hott^everj sihow^ ohliqae extinction up to 30 degrees 


DESCRIPTION OF THE CHIEF MINERAL GROUPS tn 

measured between the slow vibration direction (Z) and the traced of 
the Qor cleavage. 

The optical orientation of epidote is such that one optic axis 
emerges at right angles (approximately) to the {roo) face, on which a 
detrital grain or small crystal will normally lie: while the other 
optic axis is almost perpendicular to the basal cleavage* Therefore 
the distinctive optic axis figure appropriate to such a section is seen 
in convergent hght both in crystals of normal habit and in cleavage 
fiakes. 

Pledmontite is a strongly coloured mineral in thin section and 
has a spectacular plcochrobm scheme — 

X — the fast vibration — lemon ydlow: 

Y — — amethyst to pale violet; 

Z — the slow vibration — vivid red- ^ 

As the crystals are normally thin prisms much elongated along the 
principal A-axis^ corresponding with the y-vibration^ some prismatic 
sections change frcKin amethyst to lemon, while others change from 
amethyst to bright red. Sections across the length of the prisms, of 
course* vary from lemon to bright red^ In \iew of this distinctive 
plcochroism, confirmatory tests are scarcely necessary; but it should 
be noted that the pleo^roism of the manganese-bearing aoLsite 
(Orthorhombic) is the same, but in reverse:* X is red, and Z. lemon- 
yellow. 

Allnnite or Orthitc is also distinctively coloured in thin section, 
and strongly pleochroiCi from buff to deep red-brown h Twinning^ 
usually simple, is common on the usual epidote plan. Identification 
of allnnite is aided by its common association with another member 
of the epidote group^-sometimes even in zonal association. 

Mod^ of Occurrence a nd Origin. 

Exdu^ng aoisite, all the chief members of the group are produced 
by, and characteristic of, a mild degree of dynamothermal meta¬ 
morphism, in the course of which both coloured silicates and the 
anorthite-component of plagiodase break down into new stable 
associations^ prominent among which is a member of the epidote 
group. Plagiodase may be represented by perfect pseudomorphs 
consisting of packed aggregates of narrow prisms in slightly divergent 
groups] or the central parts of a large crystal may be composed of 
similar crystals or granular aggregates, embedded in. and sur¬ 
rounded by, albite, 

" Omng tP the strong absorption, it is oftfln difficult of impossible to dipck 
tJic tbaracter of tbe vibration, whether fast or dow, in the usual manner using 
a quartr wudge. * « 
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The dirtoioisite molecule may be regarded as a high’-deosity 
representative qI anoithite. Obviouslyp unless there has been an 
actual influx of Fe ions, auorthite can be replaced only by zoisile 
or dmozoisite (topically the latter]. Similarly, both common augite 
and hornblende contain the components of epidote, and the latter is 
piodutedj usually in association with chlorite, under the conditions 
that result in the replacement of anorthite. This type of replacement 
is often termed epLdotl^atlon. 

In addition to tMs secondary devdopment, primary epidote occurs 
in some pegmatites, and less frequently even in granites and other 
oorma] igneous rocks. 

Piedmontite is essentially a component of crystalliiie schists, 
the best examples probably coming from Japan. Withamite has 
been recorded from Britain—it occurs in vesidcs and vf'ins in an 
andwitic lava from Glencoei Scotland. 

In many other '"alterod rocks" epidote and its varieties may be 
abundant, in areas which have demonstrably not been subjected to 
regional metamorphism. In such cases the mineral is probably of 
deuteric origin^ and derived ultimately Irom the nonnal dark 
minerals—micas^ amphiboles and pjftoxenes in rocks. 

(c) SCAFOLITE GKOUF 

The minerals of this group are aJuminosilioates of calcium and 
sodium, with chlorine, ot a carbonate or sulphate radide in addition^ 
They are thus fundamentally related to the plagiodase feldspars^ of 
which they are^ in fact, alteration products, and like themp they 
form a continuously variable scries. The end members of the series 
are:— 

Marialite, Na^AJjSijOa^Cl, which may be written 3Ab , NaO; and 

MeionitCp Ca4Al4Si40j4(COj), which may be written 3An .CaCOj. 
As in the feldspars^ CaAl is progressively substituted lor NaSi, while 
the carbonate or sulphate radide (CO, or SO^) may be stjbstituted 
for Cl. These end members are comparatively rare, and the scapolite 
which most commonly occurs lies between Mas^ and Ma,* (luiiEonite). 

The scapolites crystallize in the Tetragonal System and may 
occur as striated prismsp but often the mineral i$ massive. Veitii::^ 
deavages are well developed, parallel to the prism (no) in some 
species, to the pinacoid (loo) in others, while both arc sometuncs 
developed. 

Naturally the optical properties vary' with the composition: both 
refractive indices and birefringerLce increase as the proportion of 
mekmite increases. Mean values for the refractive indices are:— 
« I'55 p y — I "5^1 giving a maximum birefringence of 0-03, 

Thus for some scapolite the ^uiface relief and birefringence may be 
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little different from quartz; but generally fl/hile the refringcnce b 
low to moderatep the biref^gence may be sufficiently high as to 
cause bright second order intederence cdkmrs in vertical sectioiis. 
In basal sections the prismatic deavage traces are well displayed, 
and such sections yield a negative uniaxial interference figure. 

In igneous rocks scapolite b secondary after fcMspar. and a 
volcanic environment where plagioclase^-bearing rocks are liable to 
alteration by soUataric or fumarole activity b indicated by the 
chemical composition of these minerals. Much scapolite is meta- 
morphiCp however, and arises during the thermal metamorphism of 
limestones in it is accompanied by such minerals as diopside, 

sphene, etc., as in the Eteeside Limestone of Dalradian age in Aber¬ 
deenshire. 

(df) KAOLIN ITE 

Kaolinite is one of several "day minerals'' whose systematic 
study has only really advanced since the application of X-ray 



Flo. 40 

oE kaolintte, undar th& mkrc«cope. iAfler TsalL] 

Very bigMy in*giM£ctL 

techniques, for all of them are so findy crystallLzed that ordinary 
microscopic examination is of little avail. An acoonnt of the clay- 
minerals as a whole b inappropriate here, but this one important 
example has been selected because it b a ehaiBCteristic alteration 
product of the feldspars (see p. 210). 

Kaolinite b one of three day minerals having the formula 
(OHlsAl^Si^Ojt,. The Si -0 atoms are arranged in the extended sheet 
pattern of the micas> talc, etc. From this it may be anticipated that 
it has a pseudo-hexagonal (actually Motioclinic) symmetry, and 
perfect basal deavage 49)* Iridivj^ual fiakes are too minute to 
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be examined separatelyp and in aggregate they have soirie resem¬ 
blance to finely crystalline seridte—a similarity that is strengthened 
by the fact that both are secondaiy after feldspar. Kaollnitep how¬ 
ever p has a double-refTaetion dose to that of quartz and therefore 
mneh lower than that of seriate. KaoHnite five$ its host feldspar a 
characteristic douded appearance^ and in hand-spedmen the 
feldspar may eventually become white and opaque. 

ACCESSORY MINERALS! NORMAL ACCESSORIES 

{a) GARNET GROUP 

The garnets are silicates of ajumimuin, iron* manganesepChromiTsrUi 
calcium and magnesium* The crystal structure consists of separatal 
SiO^ groups, and there are three of such groups in the unit of the 
structure, gi^g Si^O^* which appears in all the fonmd*. In thb 
structure there are twelve free links to which other atoms are 
attached according to the scheme: 

M"3R"^.[Sij0ij)p where M is a divalent p and R a trivalent elsuent* 
The following varieties may be distinguished: 




Colour 


Pyrope 

MgjAl^iPi. 

blood red 

1*705 

Aim an dine 

FejAl^Si^On 

dark md 

t -830 

Spessartine 

MujAl^Sl^Oia 

red 

I'Soo 

Uvatovite 


green 

I -Bjo 

Grossularite 


green or orange-red i -735 

Andradite 




(Melanite) 


black 

I-S 9 S 

These are largely 

hypothetical: natural garnets are 

more complex 


in composition than any of these "p^^e" garnets and in any specific 
rase may be regarded as containing eiihcr the first three, or the 
second three components in varying proportions* Thus ai common 
red garnet on analysis would be found to contain Mg", Fe" and 
Mn"* and according to the amounts present might he expressed in 
terms of the tnolecular percentages of Py, Al and Sp respectively. 
Both groups of three form continuously variable serieSp but grossu- 
lari te, lor exampk, docs not mix vnth pyrope. 

Crystallographically the garnets appear to be simple: the only 
forms occurring normally are the rhombdodecahedmu {iro)p the 
icositetrahedron (211) and much less commonly the hexakis octa¬ 
hedron [3^1). Garnets of the Py.Al.Sp. type are isotropic in thin 
section^ and there seems no reason to doubt their full Cubic syiu- 
metry; but those in the second group frequently exhibit optical 
anomalies. The examination tf the optica] characters suggests that 
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the apparently simple crystals are actually complex twins consistiiig 
of twelve or twentyTonr individuals, which are biacdal and may be 
Orthorhombic. Above 800^ C they a^ume Cubic symmetry. 

In thin section all garnets are characterized by high relief, on 
account of the high refractive indices; but the figures quoted above 
must be regarded as approxiniations only, on account of tbe complex 
composition ol natural garnets. As might be expected^ the sections 
often exhibit zoning, reflecting changes of composition during 
growth. No cleavages occur ki garnets in rocks i but detrital garnet 
separated from sands frequently shows a good dodMahedral dea\»age 
developed as a consequence of severe poonding by wave action. 
Garnets alter in a variety of ways. Thus in rocks which have suffered 
contact metamorphism, garnet may be pseudomorphed by cor- 
dierite. The commonest alteration product is probably chlorite; but 
garnet carrying titanium (schorlomite) may alter in part into sphtne. 

Undoubtedly the finest crystals of garnet occur in, or have been 
obtained from, the metamorphic rock^ gamet-mica-schist. But in 
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Garnet: CtKSfi, the simplfcit larm, the rhombdodeahedr™ (i m); a section 
throogh centra oi crystal, parallel to one of the axial planes ol synunrliy 

fioo), (010), OT (oei); tigJU, 8«cti(Ht thiough (»f ttyrtaJ pu«llel to 

due o{ the twelve dodecahedral faca, Zooing ia formally .hQWQ. 


addition to this—^thc conunonest^—mode ol oocturence, garnet may 
occur as » normal aooe^ory in a wide range of igneous rocks. In 
acid dyke-rocks a garnet of the first group, often rich in manganese, 
occurs in this way. Intermediate rocks containing fcldspathoids such 
as aephdine and Icodte, not infrequently contain garnets near to 
melanite (andradite) m composition. As might be anticipated, 
accessory garnets arc found in ultrabasic igneous rocks such as 
and ate rich in magnesium. They tend to survive, as 
distinctive red crystals, when such rocks are converted into serpen- 
tinites (see below). Grossularite has an entirely different mode of 
occunence, and is almost restricted to calcareous sedimentary rocks 
which have suffered thermal rnetamorphism. Andradite, too, is 
characteristic of such an environment, and is prominent in the 
so-called skams—limc-sihcate rocks’from intrusive oontact-Mnes, 
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(i) SPINEL GROUP 

The spinels crystalline in the holosjuunetric class of the Cubic 
syst™, and it is rare to find forms other than the octahedron repre¬ 
sented, though occasionally the edges of the latter are truncated by 
the rhombdodecahedron (no). Twinning on the "Spinel Law"' is not 
uncommon. In this the ti^’in plane is parallel to an octahedron face; 
the twins are usually flattened parallel to the twin plane^ so that the 
crystals have the aspect of flattened triangular tablets, with re¬ 
entrant angles at the comers. 

In composition the spinets difier from the groups so far considered 
in that they are not silicates^ but aluminates, ferrates^ chromateSp 
etc. The typical spinel most commonly represented in mineral 
collections is brilliant ruby-red in colour ("ruby-spind") and on 
analysis would show equal molecular proportions of MgO and 
AljO|. The correct formula is therefore MgAI* 0 ^—magnesium alumi- 
nate. 

In pleonastft some of the atoms of both Mg and A 1 in ruby spinel 
are replaced by iron, thus: (MgpFe) [Al.Fe), 0 *; while in hercyuite 
the replacement has been carried to completion—Fe" replaces Mg'\ 
giving the formnia FeAl,0^. 

Picolite is a spinel of very mixed compositionp r^embUng pi™- 
naste but with Cr replacing some of the Al.Fe atomSp thus : (FcpMg) 
[CrpFe^Al)j04. Chromite, FeCr^O^, magnetite, Fe'Te" * 0 ^ and 
gahnite, ZnFe,04, have this much in common: they are all three 
opaque both in the mass and in thin section. 

Those spinels which occur in igneous rocks are strongly coloured: 
magnetite is quite opaque in the thirmeat sections; chromite may be 
slightly translucent on the edges of the cry^stals and appear deep 
brown-blaclc; while those of mixed composition may be deep green, 
rich coffee-brown or dark marooii. 

The spinels are relatively rare accessoiy minerals in igneous rocks, 
but are much more abundant In certain types of metamorp^dc rocks^ 
As might be expected from their chemical composition the spinels, 
excluding magnetite, are re^^cted to the ultrabasic igneous rocks, 
e^>edally those of non-feldspathic type such as peridotites. Thus 
olivinites (dunites] contain many scattered octahedira of spinel, 
usually chromite, w-hUe enormous quantities of the latter mineral 
occur in the great Bush veld Complex in the Transvaal, South Africa, 
in thick layers that in some iusUnces are nearly pure concentrates 
of the mineral, though usually the orthopyroxene, bronrite, accom¬ 
panies it. These chromitlces, as they may be called, arc evideutly 
swarms of cr^'stals which, forming at high temperatures, sank 
through the magma by reason of their high specific gravity (Fig. ii6). 

Apart fiOTn such occuirenceSj bowever, spinels are typical consti- 
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tuents of silica-poor alutuliious homfelses formed from argillacecrtis 
sediments by thermal metamorphism. In the presence of silica the 
aliimmous spinels combine with the SiOa to form the silicate, cor- 
dierite. Frequently Ln thin sections the first indication of the presence 
of cordierite (a difficult mineral to identify)^ is the presence of the 
associated swarms ot minute spinels. Again» magnesian limestones 
(including dolomites} on subjection to thermal metamorphism com 
tain spinelp provided some alumina was available* A rodt of this 
nature is the coarsely crystalline marble^ charged with spineb of a 
pure ruby red colour, and of gemstone quality, occurring in Burma. 
A large proportion of the perfect crystals seen in mbieral collections 
are obtained from such sources; but it may be noted that synthetic 
spinebj in a wide range of colours, can now be manufactured in 
quantity. 


{c) titanium-biaring group 

(i) Rutile^ Anaiaae and Brooklte*—Rutite is the most stable 
of the three crystalline forms of TiOj—rutile^ anatase and hroofcite™ 
and is the one which most commonly occurs as an acc^sory mineral^ 
especially in the more acid rocks. It forms slender Tetragonal prisms 
and needles which are frequently twinned to give geniculate and 
heart-shaped forms. Both in hand-specimens and under the micro- 
scope» rutile is coloured yeUow or red. It is remarkable for its excep¬ 
tionally high refractive indices (2 *61 and 2-90), the highest for any 
of the normal rock-fonriitig minerals. 

Rutile occurs in crystalline schists and is also common in sands 
and sedimentary roct^. Fine hair-like crystals occurring in clay and 
slates (clay-slatc needles) are referred to rutile. In pneumatolytized 
granites, rutile is often present as a product of the breakdown of 
complex titanium-bearing minerals, such as biotitc and sphene. 
Under these ctrcumsiances it may form an interlocking structure of 
regularly*orieiitated needleSj known as sagenite. Quartz crystals in 
certain granites contain m5rriaids of exceedingly minute needles 
believed to be rutile, by analogy with the megascopic, reddish- 
brown acicular crystals of more robust habit occurring in the quartz 
of certain pegmatites. Relatively large crystals also occur in 
edogites. 

Anatase, the second of the TiO. mmerals, differs from rutile and 
brookite in crystallographic ch^acters and optical properties. It 
caystaUites in the holosymtnetric class of the Tetragonal system, 
and exhibits two different habits: (i) tabular, due to the strong 
development of the basal pinacoid, often modified on the edges or 
corners by feebly developed bipyramid faces; and (2) steep bipjrU' 
mids, usually with wdl-devdop^ surface markings (Fi^. 3 ^)- 
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In ihin s^im anatase is scarcely ever seen in ordinary rocks; but 
in granitic &ands containing a natural concentrate of heavy consti¬ 
tuents, it is often plentiful. The anatase tablets vary from colourless 
to rather dull shades of blue^ green or brown. The refractive indices 
are very high {2*49 and 2-56), and the birefringence is also strong 
(0*07)^ In view of its distinctive appearance a confirmatory test is 
seldom necessary, but the tablets show a uniaxial (positive) inter¬ 
ference figure in amvcrgent light. 

Brookite crystallizes in the Orthorhombic system, in platy- 
oystals with the pinacoid (lOo) wcU-devdoped, and showing strong 
vertic^ striaticns by reason of oscillation with the unit prism. 
Again we turn to granitic sands, like those from Dartmeet on 
Dartmoor, to study typical crystals or grains. They are light yellow 
to brown in tint, with doscly ruled striations as noted above. The 
really distinctive feature, however, is the failure to extinguish, on 
account of crossed axial-plane dispersion. The effect of this property 



FIG, 51 

Ccy«tal5 of anatue^ {A) Aud fD) of tabular habit, with ch^mctemtic surface 
Durkm^s in the latter case; (B) and (Q of bipyiamklal habit, and in the 
latter case, two ciystaJs in pfinilel growth, 

to caiist the s^tkm to display a succession of mterference colours, 
in the order of Newton's sede, when the stage is rotated ^th both 
polaiifer and analyser in operation, 

{ii} Sphene or Titanlte.—Sphene is a silicate of titanium aod 
calcium, CaTiSiO,, occasionally seen in mineral collections as -j i n a ll 
wedge-shaped crystals, but much better known as a distinctive and 
widespread accessory mineral in rocks of many diflerent kinds. 
Sphene can sometimes be seen even with the naked eye, and easily 
with a lens, in hand-spechnens of gianodiorites, syenites and dio- 
rites, for example. The crystals, which belong to the Monodinic 
system, are brilliantly lustrous and range in colour from light yellow 
to green or brown. 

In tkin section sphene may be colourless, but is ccanmonly a 
of greyish-brown, and is slightly pleochroic. The refractive indires. 
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2-01 and i *9C> are notably Lijgh, SO that surfaoe relief is strong. The 
birefringence also is partioilarly strong, so that the mterference 
colours are very light—the so-called '^high order whites"—and 
tbe^> superimposed on the normal absorption tint of the mineral, 
make no appreciable difference, Thus^ pro\'ided the section is not in 
the position of extixictiott^ crowing and uncrossing the ^^niools" 
makes no difference to the colour of the section. This observation 
provides a unique test for the identiBcation of sphene. 

Although sphene is an almost constant accessory in igneous rodk$ 
it normally forms very sirmll, scattered crystals; but a rook-type has 
been discovered in the famous Kola Compiejc consistiDg of crowded 
crystals of sphene embedded in a matrix of apatite—a truly extra¬ 
ordinary rock-type which does not fit easily into any standard 
scheme of dassi&catton. 

In metamorphic rocks also sphene may occur: abundantly. This Ls 



rto, 53 


Sections cf sphene^ two on left fiom ditEOite, Ditto, Traiiaylvaiiiaj, ano fthowinf 
cleavafcd, the other^ coiroskm inlets; oa the nght a simple twin hota 
leucite ptLOMolite, Ptrlti-kopt, Brohital, 



types formed by the d^mamothcrmal metamorphism of basic igneous 
rocks. 

Perovskite,—Among the rarer accessory minerals perovskile 
fills an important r61e in some uncommon rock-type$* It is calcium 
titanate, CaTiOj, and erj^taUizes in the Cubic System, the octahe¬ 
dron being the only form normally developed. The small crystals 
are isotropic, and Cubic beyond question; but larger crystals exhibit 
optical anomalies and^ it is recorded, quite considerable blrefrm- 
gencc. The outstanding optical property is a very high refractive 
index which makes the smi^] crystab stand out strongly, 

despite their size. In fact very sMalLcrj'stab have such a heavy 





122 THE PETROLOGY OF THE IGNEOUS ROCKS 


margin that they appear almost opaque, Qeavage b stated to be 
perfect, parallel to cube faces. 

Perov^ite is characteristic of* and restricted to, under-saturated 
hme-rich ultrabasic lavas, and Is a constant associate of mdiUte in 
meUlite-basaltSp in which it occurs as small grey octahedrons and 
twinned groups. Probably the most notable occurrences so far 
described are in ultrabasic lavas from Uganda/ among which are 
some of special interest and importance as they contain the newly- 
discovered alumino-silicate of potassium^ kalsillte. The perovskitc in 
these lavas occurs in unusually large quantItieSp up to 6-2 per cent 
in one type.* In these rocks the perovskite is golden-brown^ ydlow 
or green instead of the commoner grey^ 

(d) IROy-OftE GROUP 

The iron-ores that occur as constituents of igneous rocks are 
magnetite, titan omagnetitep ilmenlte, pyrite and rardy pyrrhotite. 
The first three are normal acoessodes in a wide range of rock types^ 
and in some cases occur in such amounts that they must be regarded 
as important essential components^ 

Magnetite.—’This mineral is grouped with the spinels on account 
of its chemical composition and crystallographic characters. Although 
often written as FejO^,* in order to bring the formula into hue with 
the other spinds, it should be written Fe'Te^'^O^, and regarded as 
ferrous ferrate* Actually the ferrous iron may be replaced by Mu, 
Mg or Ni, while for the ferric iron Ti, Mn or Cf may be substituted 
in part. 

Magnetite crystallizes in the Cubic System p and generally the 
only fonn represented is the octahedron, but the rhombdodcca- 
hedrou may be developed. As might be expected, spinel twins are 
not uncommon. Magnetite is invariably opaque, even in the thinnest 
sectious, and in the absence of crystal form, it may not be easy to 
distinguish it from other opaque ores: but by oblique refined light 
it has a characteristic steely metdiic sheen. It is the most strongly 
magnetic of the iron-ores, and may be separated from the others by 
means of a bar magnetn 

As regards mode of occurmiee, magnetite is variable* In many 
igneous rocks, especially the more basic, maguetite is an accessory 
of early formation—the characteristic, often perfectly formed 
octahedrons occurring plentifully in thin sections of basalts and 
Other lavas, are of this type; but in some basalts it is one of the 

^ Holionj A... ''A Suite of RDdca Uroiii Soutb-Weat Uganda cadtaining 
Kaiiilite, a Folymorph oI KAtSiO^^'^ Aftn. aoevi (194:2}, p. 197. 

■ XertdHl inaiurite by Hotmoi ^ 
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latest constituents to crystallize^ and forms intricate dendritic 
growths in the interstitial glass (Fig. 53 )’ Further, rnagnetite is 
produced at different stages in the history of a rock by alteration of 
iron-bearing siUcates. A familiar instance is the serpentinization of 
olivine; while the conversion of amphibole into pyroxene liberates 
magnetite (Fig* 53. A). 

Probably the most striking magnetite-rich igneous rocks form 
part of the great Bushvdd Complex m the Transvaal. They are 
associated with pure plagiodase rocks (anorthosites) and more 
nonnaJ basic rocks of the norite type^ and vary from magnetite- 
anorthosite through types in whidi titano-magnetite steadily in¬ 
creases at the expense of the piagioclase until pure lodestone results. 

Ilmenlte.— Ideally ilmenite is Htanite of iroiip FeTiOj, but in 



FIO. 55 

Iron ores in thin mention, (A) gnios produced round hdmbltndA 

phenocrysts by magmatic corrosidn, m. homblftade^aDdeutCK Skbeu- 
g«bicg« (132): {B) wly cry^tallked, eubedml magactite giaina Lq dolerite 
(X32); (C) Early tortn^ ei^cdral ciystalsK and veiy trvn ore embedded 

in gTonDdmaUp in oEvine-basalt^ Hawaii (3 c6 D'}. 


naturallj^ occurring specimens some substitution of Ti by Fe has 
taken place, so that up to 30 per cent of Fe^Oj may be shown on 
analysis. Ilmenite crystallizes in the Trigonal S}^tem, but actual 
cryrtals are rare, and normally the inineraJ is massive. It is quite 
opaque, and is therefore sometimes difficult to distinguish from 
magnetite, especially when quite fresh. Alteration renders the task 
easier, however* for ihn&nite is progressively converted into leu- 
coxene. In an early stage, the change is superficial only, and the 
grains appear white by rejected Ught. In an advanced stage of 
alteration the mineral becomes tm»sli\cent, hgbt brownish-grey in 
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C30bur» while tbe Trigonal $ymtdetry i$ emphasized by thin parallel 
black bars crossing in three directions (Fig. 54). At one time lea- 
coxene wa$ thought to be secondary sphene in the proce$5 of forma¬ 
tion^ but it has been shown^ to be hydrated oxide of titaniump 
TiOj. nHjO* 

Compared with magnetite^ ilmenite is less variable in mode of 
occurrence. It normally occurs as an accessory mineral, particularly 
in the more basic, coarse-frained igneous rocks of the gabbro type. 
In such rocks^ indeed p the iimenite is an essential constituent^ and 
occasionally increases in amountp particularly towards the base of 



54 • 

Iimenite and it» altemtion products: from Lngarite. Lv-s^^ Ayrshire. 

The one alteleta] crystal is fresb; the others have beei] ^tered into giey-bmwn 
titoslTjcfeiit leii?o*ene traversed by tors &I iren-oxide. 


stratihed basic intrusions^ and may become quantitatiYdy an im¬ 
portant constituent- In this country the Carrock Fell gabbro is a 
well-known illustration: some nxarginal facies of the gabbro contain 
up to 27 per cent of titaniferous iron-ore (and a correspondmgly low 
silica percentage of 32),^ 


■ Edwds, A. B., ''The Chemkal Compoaitifiti uf Lencoxene . . Mm. 
Mag.^ acxvi (1942). p. 

■ HBxlcEr^ Natural Hiiimy i^tOUS RockSf 1909, p. l^J. 
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Pyrite*— This iron-ore is the non-magraetk sulphide of iron, 
FeS„ which crystallize in one of the lower sjTnmetiy classes of the 
Cubic System. The forms exhibited indude the cubCp octahedroUp 
and perhaps most typically the pentagonal dodecahedron or pyrito- 
hedron [210)^ The ciysialiographic charactcrSp^ light brassy colour 
and metaUie lustre render polite dbtinctive^ 

In thin section it h opaque, but the distinction from magnetite 
and ihnenite should present no difficulty^ for the metallic lustre and 
brassy appearance are diagnostic when the mineral is examined by 
reflected light. 

It is doubtful if pyrite ever occurs as a primaiy constituent of 
igneous rocks^ but it is common as a secondary mineral, associated 
with caJdte^ chlorite and secondary quartz;* etc. 

Ryrrhotltc has the same chemic^ composition as pyritCp but 
crystallizes in the Hexagonal System. When quite fresh pyrrhotite 
resembles pyritep though it is somewhat darker in colDur. Exposure 
causes it to tarnish* and ultimately it assumes a characteristic 
bronzy appearance. A further point of difference between these two 
sulphides is that pyrrhotite is magnetiCp though variably so. The 
mineral is uncommon in igneous rocksp but has been recorded from 
various uepheline-beaiing rocks and* much more rarely* from acid 
Igneous rocks. 

Haematile,— This oxide of iron, provides many well- 

crystallized combinations of rhombohedra* s^enohedra and striated 
basal pinacoids in most mineral coUectiorts. Such specimens, how¬ 
ever, are rarely obtained from igneous rocks* and then only as a 
product of fumarole action. Normally haematite fills a very different 
r 6 le in igneous rockst it cccura finely disseminated in many different 
types, colouring them red. This pigmentary haematite appears in 
thin section as small bright red flecks or someUmes veinlets, it may 
be, emphasizing the cleavages of feldspars. Although weU-crystaJ- 
hzed specimen 5 look like tempered steely their powder and their 
streak show this characteristLc rich red colour. 

Limonite.— There are several hydrated oxides of iron, of which^ 
for present purposes, limonite and gocthite axe the most important. 
The latter is Orthorhombic, while the former is amorphous : other¬ 
wise the two minerals have much in common* and there is no doubt 
that much of the mineral called limonite in igneous rocks is really 
goethite. Both are typically brownish in the mass* and yellow to 
yellowish-brown in thitt section. Obviously there are significant 
optical differences consistent with the crystallographic dMerences. 
Thus goethite is pleochrok and birefringent, while amorphous 
limonite can exhibit neither phenomenon. It is possible that limonite 
is merely cryptOCrystaUine goethite ^ bqt on the Other hand, while 
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the fomer may be leprcsented by the formula Fe^Oj, fiHjOp the 
latter is FeO(OH), which niay be written Fe^Oj. 

'"Liiiionite*" is always secondary in igneous rocks and is liable to 
be produced, within the zone of weathering, Irom any Lron-bearing 
silicate, or other iron-ore mineral. 

(tf) AFATITE 

Apatites are esseatbUy phosphates of calcium^ with a small 
amount of fluorine, chlorine, and/or hydroxjL According to the 
dominance of either fluorine or chlonne, two varieties, fluor-apatite 
and chlor-apatite are distinguished: the former is much the com¬ 
moner in rocks. Apatite crystallizes in the Hexagonal S3;stem, in the 
class in which there are no vertical planes of symmetry: hut 
usually the crystal development is so simple—a combination of 
prism in zone with a bipyiamid and basal pinacoid—that this would 
pass unnoticed, were it no-t for the occasional occtuTence of the 
general form.^ Cl^vage parallel to the base is imperfect^ but charac¬ 
teristic in thin sections, Apatite may be colourless, but b often bluish 
in hand-spedmens, though almost invariably colourJess in thin 
section. 

Apatite is a ubiquitous accessory in igneous rock$ of aQ kinds, 
and seems to be particularly abundant in those of basic composition. 
Indeed, its characterbtic colourless elongated rectangulax vertical 
sectionSi and small perfect hexagonal basal sections are more widdy 
distributed than any other accessory mineral. The prisms in some 
instances may be acicular. The relief is modcratep with a = 1^630 
andy = i’633 {minimum values), with a weak birefringence (o-ooz). 
In '“cored apatites” there is a central coloured zone. 

In some nepheline-syenite complexes apatite occurs in important 
amounts, and from the Kola Peninsula in the a rock occurs 

which consists solely of apatite and sphene. 

(/) BERYL 

Beryh a silicate of beryllium and aluminium, has an interestiiig 
atomic structure, the essential unit of which b a ring of six SiO* 
tetrahedra. As each tetrahedron shares two of its four oxygen atoms 
with its neighbours in the ring, the formula of the unit may be 
written Si^jj. To restore the balance betw^een the positive and 
negative charges on this unit, three Be and two A1 atoms are re¬ 
quired, giving the complete formula Bc^AlaSisOia. The Be and A1 
atoms, of course, bjik the rings together. 

Beiyl crystallizes in the Hexagonal S>'stem, and exhibits holo- 
syinnietT>'—the full complement of one horizontal and six vertical 
i raillip, F. C.,vffi ImrrniM&imt (o Cryifaikp^aphy, 1946, p. 136. 
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pbtie&p six dUtd axes and a vertical hexad sms> Apart from its higher 
symmetry, beryl may resemble apatite, but has a totally different 
mode of occartence, and filb a very different r6le- Small beryls occur 
in euhedial crystals in cavities in granite of the Moume Mountains 
and Lundy Island^ for eicample ; but much larger crystab, some of 
phenomenal sizep occur in granitic pegmatites (p. 204). The brilliant 
green gemstenSp emerald, is a species of beryl, but is of metamorphic 
origin. 

(g) THE ZIRCONIUM-BEARINO CiROUP 
Zircon, a silicate of ^irconiump ZrSiO^p is one of the best-known 
minerals which crystallize in the Tetragonal System. The crystals 
consist of bipyramids in combination with prisms* sometimes the 
one, sometimes the other being dommant. Again, the bipyramid 
faces may be in zone with the prism, or may be of a different order 
53 )- 

The crystals arc commonly light brown, buff or reddish-brown. 






(11 X) md C33r}: 


while phenocrystic zircons of bright red colour, with subvitreoos 
lustre, oocift in a grey slaggy lava from Niedennendig, Germany. 

In rock sections zircons are common in granitiCi ^uitic and 
dioritic rocks* but appear to be rarer in those of more basic com-^ 
position. As a gene^ rule they arc of small (microsoopic) size, 
colourless with high refractive indices {a = 1*9^, y = The 

birefringence is likewise strong {0^055). As they crystallize at a 
high temperature, they are liable to enclosed in minerals of 
later formation, and are most obvious when embedded in biotite* 
when they are sunounded by pleochroic haloes caused by the 
bombardment of the host-mineral by alpha-partides emanating from 
the zircon. 

In certain types of nephcline-syeiptes the ziicons are of much 
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larger size and have the status of an essential constituent, parti¬ 
cularly in the coarse-grained "iiroon-syemte-pegmatites/'' 

Eudialyte is one of a number of complex zircono-siEcates which 
occur as accessory minerals in nepheline-syenites, particularly of 
pegmatitic fades. It increases in amount in more b^ic nepheline- 
bearing toclts and may attain to the status of an important essential 
constituent, as in the so-called eudialyte-syenites in southern Green¬ 
land, One rock near Julianehaab, in thb arestp contains eudialyte to 
the extent of a third of the whole rock. It is also important in similar 
rocks in the Kola Peninsula, U,S,S.R. In Britain It has been recorded, 
for the first time, from quartz^syeiiite veins in limestone at Bar- 
navave, IreLand.* 

Eudialyte is a Trigonal minetal. Is commonly bright red in the 
hand specimen, and therefore very distinctive in appearance. In thin 
section it is often colourless, but may be pbk, and then exhibits a 
pink to yellow pleochroism. Refnngence is moderate, with oe =s 17609 
and 7 = 1-611. The hirefrbigence is notably weak^ — about 0-002. 


ACCESSORY MltfERALS: THE Et-MATOLVT[C 

croup"' 

(fl) TotirmaUite Group.—Tourmalines are oomplex hydrated 
silicates and borates of aluminiiim, magnesium and sodium, with 
iron, manganese, caJdum and small quantities of potassium, Hthium 
and fluorine. The tourmalines may, according to their constituent 
bases, be dassihed as alkali-tourmalines, iron-tounnaltnes, mag- 
nesium-toiiraialmes, etc. They aU oontain about 10 per cent of boric 
add, and from 3^ to 4 per cent of water. Tourmaline crystals arc 
Trigonal, oocurring in triangular prisms with p^Tamidal termina¬ 
tions, sometimes accompanied by a basal plane or pedion. 

From many points of view, tourmalLne is a minera] of outstanding 
inter^t. Crystallographlcally it provides striking exam{ 9 es of polar 
symmetry, the terminations of some specimens being obviously 
difierent; while if the crystals are so simple as to show a single 
horizontal plane at both ends, the complete independence of these 
pedions is proved by physical differences between them, one being 
as lustrous as glass, while the other may be lustreless or strongly 
etched. This polar S3mimctry is in many instances shown by an 
unsyznmctrical distribution of colour along the length of the crystal: 
this is most spectacular in certain parti-coloured crystals of gem¬ 
stone quality, which are coloured rich pink at one end and bright 
green at the other. 

1 NMtalda^ S, Aim, Mag,, xxix (i55ta), p, 27. 
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Characteristically the prisin zone U strongly striated due to 
osdUation between the dominant trigonal prism and the hexagonal 
prism which modifies its e^es (Fig. 56)* 

In thin $^im tourmaline may occasionally be coIoutIcm; but 
normally it is blue, brown or green, and strongly plcochrok* The 
absorption of the ordinary ray is much stronger than the extra- 
ordinaiyi so that prismatic sections show their deepest colour when 



Tourmallae ciystaU. (A) TtLC two dtfferiiig tflrniiiLfttioii5 of one crystal, 
showing cdEnbioBitbu^ of peraitive and nc^tivts tr^nal pyiamida at one 
endj ajid ^iniilar temis with the addition ol a pedipn (oooi) at the other* 
{B) Sinfllar combioatioiu nhowm by a tryital of slightly difTottut Mbit, 
with the chaiaclemtic shape of etched fibres added dtagrainipaticfllly^ 
The crystiUs (right) show polar colour variation and vortical atriations. 
Tourmalines of gem qtinlity from Mina^ Geraea, Brazil. 

the principal axis lies perpeudietdar to the vibration direction ol the 
polarizer in the microscope.* 

Basal sections, often of modified Iriangulax cross section^ are 
frequently zoned, even if the crystal is minutely acicular* They 
yield a negative uniaxial interference figure m conve^ent light. The 
birelringence ol tourmaline varies with composition, reaching a 

I TM vibration of the polarkcr Liea parallel to the eleavage tracei in i 
verticaj section cl bwtite, when the s^tage has been turned to the pwition La 
which the mineral &hnw3 iu deepest ahsoE|»tu^ tint. 

£ 
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ina xinf uini of 0*046 in varieties rich iti chromium, but averagiit^ 
O'039 in "schorl”—the type commonly occurring in toiirmalme- 
granites and associated rocks. 

Tounnaline is essentially a component of the so-called pneuma- 
tolytic rocks and of granite-pegmatites. Thus it is widely distributed 
in and around the West of England granites, In part it is a primary 
mineral, but b large measure it has been produced at the expense 
of pre-existbg mica and feldspar, b which case it commonly assumes 
a distinctive habit, much-elongated adcular cij'stals with a radial 


c 




Crystal liabits of topa* from KlEute Spitikop, South-We$t Africa 

■¥ rg*^ tbt doiilEKEt "teM" (Mil, the"*™" [lail ud 

bJjrnmhto, n* OTiUli u* iliiita laitad. Jwar bounded Kwi 


disposition, or bebg so dtKdy packed as to form a felt-like aggre¬ 
gate (see under "Pneumatolysis/’ p. ao8 and Fig. 86), 

(6) Topai is the finosOicate of alumbium, A],(F,OH^SiO, which 
crystallizes b the Orthorbonibic System. The crystals are of pris¬ 
matic habit, the faces b the zone parallel to the principal axis bebg 
strongly striated verticaUy, due to oscillation between the unit 
pnsm and another in zone with it. The terminations may be very 
complex, udth a development of domes, bipyramids and basal pba- 
coid. Usually the end of the crystal is dominated by the dome I021) 
{F'8-57)- ■’ 

Topaz of geiMtone quality from certab well-known localities b 
Brazil has a distbetive honey-brown colour; other varieties may 
be fabtly tinted blue, but many are quite colourless. The basal 
cleavage is perfect but difficult to produce artfficially. 
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Optically topaz is charajcterized by moderate refractive indices, 
1 '6x5 for a and I ■ 625 for y. Thus the birefringence, 0- 009, is almost 
identical with that of quartz, though the relief is considerably 
stronger. Naturally the mineral is biaxial: it is of positive sign* with 
the acute bisectrix emerging perpendicular to the basal cleavage. 
Thus an observation in convergent light wiE usually confirm the 
diagnosis. 

Topaz occurs in irregular grains and spongy masses in pnenrnato- 
lytic rocksp notably in greisens. In such rooks the amount of topaz 
may be very large: in a "'topasfels" from Schnechenstein in Saxony, 
80 per cent of the rock is topaz. The rnineral also occurs rarely as a 
primary mineral in granites, though it appears to be restricted to 
the irregular druses in the Moume Mountains and Lundy Island 
granites. The large crystals of gemstoue quality are obtained from 
pegmatites. 

(c) Fluorite (popularly termed fluorspar). 

Fluorite is the fluoride o( calcium which crystallizes m the hoJo- 
symmetric class of the Cubic system. Normally the cube, as simple 
Calais or mterpenetrant twins, is the only form seen; but occa¬ 
sionally the cub^ may be modified on the edges by the tetrahexa- 
hedron (210) or on the corners by the octahedron (in). Fluorite may 
be quite colourless, but is commonly tinted green, blue, or typically 
violet. A most distinctive feature is the brilhant fluorescence in 
vmd, luminous blue, when illuminated with ultraviolet Light. 

In thin fluorite shows very strong negative surface relief 

(on account of its abnorrualy low refractive index, 1^434), and 
traces of a highly perfect octahedral cleavage (Fig, 87), The sections 
are perfectly isotropic. Normally they are colourless but occasionally 
the characteristic violet colour appears, even in a section of norm^ 
thickness. 

Fluorite occurs in the so-called pneumatolytic rocks and is espe- 
daUy chariJtteristic of grelsens, where it is associated with topaz* 
another fluorine-bearing mineral. It is also a common gangue 
mineral, for example^ in the lead-mining area of the northern Pen- 
nines, whence come so many of the beautifully cry$tallbed specimens 
that grace mineral-cabinets, 

ACCESSORY MINERALS: PRODUCTS OF CONTAMINATION 
(fl) Corondum. 

There are three veiy distinct varieties of this mineral—common 
corundum, and the clear gem-stones, ruby and sapphire. These 
all crystallize in the rhombchedral class of the Trigonal System* 
but the cry^stal habit is very variablethe crystals are combina- 
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tions of hexagonal prism, bipyramid and basal pinacoid, with 
the rhombohedroD, the presence of which establishes the synunetry 
class to wbidi the mineral belongs, and in addition determines the 
directions of the characteristic surface markings on some of the 
crystal faces (Fig. 58, CJ. Oscillation between the prism and the 
bippamid causes strongly developed horizontal striations (Fig. 58. B}. 
It is probably more than a coincidence that true sapphires are 
frequently of bipyr^dal habit (the dear blue crystal shown in 
Fig. 58, A is a case in point]; while rubies of gemstone quality are 
often rhombohedral. Common conindtims may be tabular, bipyra- 
midal with very irregular faces (Fig. 58, B) or prismatic (Fig. 58, C), 


B 
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Tlww cryita] tialnU of conindTun 
SAppbite^ combiMtioo of hfixagional priro ajul bip^Tamid' 

ccrendnm. Oyloa; umbmatiougf heavily striated bipvraqUd 
rhoiiibohedrDt:i and baW[ pioatoid. ~ ’ 

^nunem Miusdura, t^elenburg, Tnuavaal, South Altka; ooffibioalien at 
he^nal piw, rbombahedroa and basal piaacoid, witb cbaiacterisS 

rurim mukmga, 


In composition all rarieties are essentially alike, only differing in 
the minute amounts of trace dements that act as pigments to the 
coloured varieties. Apart from these, corundum is just Wtdlizcd 
alumina, A!,Oj, 

Corundum is notable for its extreme hardness (q in Moh's scale) 
It a parting parallel to the 0001 face. Optically corundum h 
distinguished by its high refractive indices (a = 1*760 y = 1*768) 
and weak birefringence (o-ooS), almost the same as 'quartz Nor¬ 
mally corundum is colourless in thin section, but a strongly coloured 
sapphire is light blue, and of course slighUy pleochroic. In con¬ 
vergent light a uniaxial negative interference hgure conffrms the 
identification. 

Although corundum is typically a product of the thermal meta- 
morphism of argillaceous sedipjents, it does originate in other ways. 
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and is a. lane constituent of some tj'pes of igqecms rocks. In the form 
of small blue sapphires, corundum has been described from argil¬ 
laceous xenoliths in basic intrusions of Tertiary age in Mull and 
Ardnamurchan. In a totally different manner potential corundum is 
liberated by the thermal metamorphism of sericitic mica; hut 
normally the latter is accompanied by quartz, sviih which the poten¬ 
tial corundum combines to form actual andalusite. Naturally, 
corundum can occur otily in quartz-free igneous rocks, and it appears 
to be restricted to those rocks which have suffered desUioation: that 
is, they have contributed silica to the adjacent wall-rock. Thus 
certain syenitic and dioritic rocks from the Bancroft area in Ontario 
and from some South African localities, are corundum-bearings 
Finally, a basic intrusive occuiring as a dyke at a locality in Penn- 
sylvania is near anorthosite (a basic pLagiodasc rock) in composition; 
but in a crush zone the plagiodase has been converted into the 
barium feldspar^ hyalO'phaiiep and the latter is charged with small 
oomndum crystals representing the surplus alumina resulting from 
the conversion, 

(i) The Alumin]aiii*Sillcate Group. 

(i) Andalusite.—^This mineral is one of a number of silicates of 
aluminium and may be represented by the formula Al^iOj, being 
thus identical in composition with siUimanite (which may be re¬ 
garded as the high-temperature equivalent of andalusite)* and 
kyanite, its ^ess equivalent. Andalusite is an Orthorhombic mineral, 
but it exhibits strong pseudo-tetragonal symmetry * and unless the 
crystals are terminated, they might easily pass for Tetragonal prisms 
{Fig- 59)* appearance the cr^'stals are rather undistinguished: 
they arc usually grey, with resinous lustre, and a surface coating of 
white mica into which the minefal readily alters. 

In thin section andalusite may be distinctive, largely by reason of 
its pleodinoism. At its best the colour corresponding to the slow 
vibration, Z* is the pink of peach blossom, while X and Y may be 
both colourless, or there may be a trace of bluish-green. Thb pleo- 
chroisin scheme is, in lact^ closely similar to that of hypersthene. In 
many rocks, however, the andalusite is non-pleochrolc. The refrac¬ 
tive indices are moderate, with a =□ X'635 and y = i’643 [average 
values); while the birefringence is weak, varying in different speci¬ 
mens from a little below, to a little above quartz. Traces of prismatic 
cleavage, in basal sections crossing at almost a right angle, are 
consistently developed, hut the sections are strongly sieved with 
small inclusions of the associated minerals, which sornetbnes render 
systematic examination rather difficult. 

Typically andalusite occurs in ar^^ELaceous homfelses, in which it 
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13 accompanied by cordieritCp biotite and often spinel, and is one of 
the first nevidy crystalline minerals to appear in these rocks. 

It also occurs somewhat rarely as an accessory in igneous rocks, 
and must then be regarded as evidence of the assiinilation of argd- 
laceons xenoliths. 

(ii) Cbiaatolite is merely a variety of andalusite containing 
regularly arranged carbonaceous inclusions (Fig, 59). It occurs in 


/f\ /A 




no. 59 

Andalusite and chiaatolite ciysuk. 

L«yV:Combmatkm of pnam {no) and''dome'' foil), A morceoftiptLcated 

crytUl showing the form (ooi) and {loi] in addition. RigM: A weathered 
crystal of chiaetolite; beloWp the ideal cross-section showing prisEnatic 
cleavages mnd chiiacteristic eairboDiceoiis inclusions. 


the so-called chiastolite-slatc which occurs within the aureole of 
thermal metamoiphism round granites. Well-known British examples 
occur near the conuct between the SkEddaw granite and the Skid- 
daw slates. 

(iii) Sllfimanlte, as stated above, is a high-temperature equi¬ 
valent of andalusite. Both of these minerals dissociate at about 
1545* G into mulhte and liquid^ while at iSio® C corundum and 
liquid are produced. In most cases sillnnanite occurs as aggregates 
of thin prismSp acicular crystals, or finely fibrous aggregates (fibro- 
Ute). They are colourless in thin section, with moderate relief and 
moderately strong birefringence. SLUimanite cannot be regarded as 
a jiormal constituent of igpcous rocks; but it may arise in the 
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manner described above for andalusite—by the a^imilation at high 
temperature of argillaceous xenoliths. 

(iv) MulUte was discovered during the examination of the 
system Al*Oj-SiOa in the Geophysical Laboratory at Washington/ 
and was so named after a natural occurrence in Mull, Scotland, It 
appears to be rare in igneous rocks, but under labcratoiy conditions 
crystallizes from melts having the composition of siUimanite and is 
a well-known constituent of porcelains. The composition is repre¬ 
sented by AliSijOii which may be expressed as 3AljOj, aSiO,. 
MulHte remains rather a problem mineral: it has been claimed to be 
merely an intimate admixture of siUimanite and corundum in equal 
rnolectdar proportions/ but '"boules/' each consisting of a single large 
crystal of mulhte have been made, using a hame-fuslon technique. In 
these. X-ray examination proves there to be m? corundum. The 
original mullite, from Mull, occurs in aigUlaceDus xenoHths embedded 
in Tertiaiy basaltic dyks, 

(v) Kyanlte is the Tridmic form of ALSiO^. In occurrence it is 
almost restricted to the crystalline schists, and thus appears to be 
the form that is stable under stress conditions. 

Coarsely crystalline kyanite is easy to identify in hand spedmen, 
since the crystals are veiy much elongated paralldi to the c^axis, 
and have a chaTactertstic pale sky-blue colour, although sometimes 
they are whitish and have a pearly lustre. The crystals may he 
shghtly bent, and are always well cleaved. The moat perfect cleavage 
is parallel to the front pinaooid (100), which is al^^ys a prominent 
face in the slightly flattened tabular crystals. The (010) cleavage b 
rather less perfect, and in addition to these there b a more widdy 
spaced basal parting. 

In thin section, kyanite is colourless, and diaracterixed by a high 
surface relief and first order grey to yellow interference colours; the 
refractive indices are a ^ l"7l5 and y ^ X"728, with a birefrin¬ 
gence of 4^*013. The determination of kyanite can be confirmed by 
means of the optical orientation. The most useful section for this 
purpose b that parallel to (roo), which has a sensibly rectangular 
deavage pattern. The slow vibration direction Z, makes an angle of 
30° to the length of the ciystal and also to the {oio) deavage; while 
Xp which is the acute bbectrix, emerges perpendicular to the section. 

In metamorphic schbtSp k5^ite b often associated with staurolitCp 
and sometimes in intimate intergrowths with the Latter. It is also 
found as an accessoiy mineial in some eclogites. 


* Bowea, N. L., J. W, and Zi*3, Er G., Josm. A^ad. xiv 
ii5i4).p. 185. 

■ Eitcl, W., Krysi., L*iv {19^7)+ 5 M- ^ 
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{c) Cordlertee. 

This silicate of aluminium^ magnesium and iron occurs in a wide 
variety of rocks of different kinds. It is often a challenge to the skiU 
of the petrographer on account of lack of distinctiveness in its 
optical characters. The composition may be represented by the 
formula but this may be written in a form reminboent 

of beryl, except that the £UOit of the latter becomes (AiSij)0,t—a 
proxy-Al replacing a Si atom^^—in curdierite. This is significant, for 
although cordierite is an Orthorhombic mineral, it is strongly pseudo- 
hexagonal, particularly when twinned. Natural crystals are pris¬ 
matic in habit p but are relatively rare. When freshp cordierite is 
\iolet in colour and pleochroiCp the obsolete name "dichroite" 
having been applied to it on account of its strong pleochroi$rn+ There 
is no true cleavage, but a basal parting is characteristic.^ 



Sections of cordierite between crossed nicols, 
showing Kctorial twiimiog, 

Fmin coidierite^aorite, Axnage, BanfEshire. 


The optical properties vary with the content of iron; but commonly 
the sections are quite colourless in thin shoe, while the indices are 
low—a ^ l‘535i y = I'544* Thus one index is the same as quarts 
and the surface relief is the same as that of the latter mineral, so is 
the birefringence (o-oog): and it is therefore often very difficult to 
distinguish between the two minerals. Under the most favourable 
conditions the twinning b diagnostic. Ideally the twins comprise 
three or six sectors; but actually the number of sectors varies (Fig. 
6 o)* and it may be complicated by lamellar twinning superimposed 
on the sectorial. As the twin planes are prism faces, vertical sections 
arc similar to simple twins of feldspar, while the lamellar twinning 
may cause an uncomfortably dose resemblance to pkgiodase. How¬ 
ever, cordierite is characteristically closely associated with spinel, 
often in swarms of small dark green octahedra; and yellow pleo- 
choric haloes occur round minute mdusions^ of zircon and rarer 

i Cf. WinclielJ, N. t[, and A. N., EitmtnU cf Optical AfiKfraUfgy, 19^7, 
p. 27J. The$e wntframvrd thre^puftcoidal the bc4t paiaUel tu 01a. 
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accessories. Flnallyp the crystals may show any degree of alteration 
to an aggregate of white mica and chlorite, temied "pioite/" Obvi¬ 
ously as the mineral is Orthorhombic it must be biaxiaJ—a fact 
reachly checked in a basal section, to which the acute bisectrix, X, is 
perpendicular. 

As regards mode of occiiiTence> cordierite is t3^ically a product of 
therma] metamorphism of argillaceous sediments—it is commonest 
in homfelses and is acoompaiiied therein by such minerals as anda- 
lusitCp biotite, spinel and corundum. It occurs, alsOp though much 
less commonly, in basic and in add igneous rocksp in which it un¬ 
doubtedly represents imperfectly digested xenoUths of argillaceous 
material. The cordierite-gamet-norites of Aberdeenshire provide good 
examples.^ The Land's End granite contains euhed^ gteenlsh- 
grey pinitic pseudomorphs after cordieritep up to an inch or so in 
length. More rarely the mineral is found^again usually in xenohths 
—in lavas such as basalt and andesite. Cordierite crystals or aggre¬ 
gates. often of targe size, occur also in pegmatites in several localities. 
As the mineral is not usually present in the wall-rockj which In di|- 
ferent mstances is igneous [either add or basic) or metamorphlCp it is 
Inferred that the cordierite has been formed from the pegmatitic 
bquid^ nd from caught-up (xenoHthic) materia]. 

^ Read, H. H., 'The Geology of Band. Hnntly aod Turriil/' Mim. Gioi^ 

Suro., 192$, pp. i^S- 1 ^ 7 . 
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CHAPTER I 


MODE OF OCCURRENCE OF THE EXTRUSIVE 
ROCKS 

iGNEOUE rock-masses may be very dimply divided intcp twG major 
categories, viz.: (i) those that crystallize within the crust; and 
(ii) those that solidit}.^ at the surface. The former are eommonly called 
"intrusions/' the latter extrusions, or lava flows. 

Since lava flows arc the only igneous rock-bodies which can be 
actually observed in the process of formation, they form the logical 
starting-point for the study of igneous rocks. They demonstrably 
result from the consolidation of extremely hot fluid magma erupted 
at the surfaoen Only in so far as the intrusive rocks are analogous in 
composition and texture to the Lavas, can a common magmatic 
origin be legitimately inferred. No question aris^ as to the origin of 
most of the sheet-like intrusions {dykes and rills): they evidently 
represent material identical with that of the lava flows, but inj^ted 
into crustal Assures. The held relations of certain "igneous'' veins 
suggest a replacive, rather than a dbplacive origin, however. There 
renaain the coarsely crystalline silicate rocks, often of great surface 
area, and unknown—and unknowable—extension in depth. These ate 
commonly classlfled a$ "niajor intrusions"; but in the present state 
of knowledge it is preferable to use a non-committal term with no 
implications as to origin, such as "pluton/" 

Lava Flows, 

Lava is molten rock material^—magnta—poured out through a 
vent or fisyire. The flow may be subaerial or submarine. In subaerial 
flows the lava forms streams of greater or less extent, according to 
the fluidity of the magma, the more basic being the more fluid. 
Thus, some of the Icelandic lavas of basaltic composition were so 
fluid that they extended for forty to fifty miles from the point of 
eruption. 

With submarine flows the lava is spread over, and succeeded by, 
normal sediment: it forms part of the sUatigraphical succession and 
is said to be conimp^^ramous. The date of the outpouring can 
obviously be fixed by means of the fossils contained in the contiguous 
strata. Thus lavas erupted at intervals during the Carboniferous. 
Period cover considerable areas in the Midland Valley of Sootknd. 
Basaltic outpourings on the grandest,scale occupy vast areas in 
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IdaJio, Oregon and Washington, in the Parana Basin in Brazil and 
in the Deccan, India, where the lavas known as the DcMxan Traps 
cover an area of some 2oo>ooo square miles. These vast basaltic 
plateaux appear to have been built up by numbers of flow's, indivi¬ 
dually of no great thickness, erupted through fissures, and therefore 
led by dykes. This form of extrusion, known as dfisure-emptioti^ 
has taken place within historical times in Iceland. On accotint of the 
relative absence of explosive volcanic activity, fissure-eruptions are 
believed to take place with a quiet outwelling of the lava. 

Contrasting with these fissure-eniptions are those of central type. 
In these, the energy concemed in producing the uprise of the magma, 
instead of being dispersed over wide ar^is,. is localized at certain 
points, where the familiar craters are estabhshed. The actual form 
of the volcano b determined by the tjpve of magma ^ which i$ more 
variable in composition than in the plateau^^lavas of fissure eruptions. 
Where the magma b basaltic^ widespread lava-domes of the type 
magnificently exemplified by the Hawaiian volcanoes, are built up. 
This volcanic pile, covering an area of well over a hundred miiffi in 
horizontal extent at the base, rises from the floor of the Pacific to a 
height of 13,000 ft. above sea level. Contrasted with these lava- 
domes are the very much smaller, steep-sided cones, built largdy 
of exploded volcanic debris, loosely known as volcanic ash, lying at 
the angle of rest, and to some extent reinforced by veins of intrusive 
rock. The wdJ-known Etna and Vesuvius are volcanoes of this 
type. 

The acid (trachytic) lavas of Auvergne m France were erupted in 
such a viscous condition as to fonn hummocky or dome-shaped 
masses of small lateral extent. These are the familiar '*puys"^ of 
Auvergne. A special development of the latter type is illustrated by 
the disastrous eruption of Mont Pel^ in Martinique, when, following 
the formation of an incandescent ""cloud" {nui€ ardent^) of finely 
divided ash, a massive ^"spine" or column of andesitic lava was 
slowly protruded, and reached a height of 800 ft. above 4e crater. 

Volcanic Necks.— A volcano of the central type is connected to 
the underground source of magma by a pipe of roughly circular 
cross-section. With the cessation of activity this ''neck'" survives 
long after all trace of the actual crater and of the lavas erupted from 
it have disappeared as a consequence of denudation. The material 
which fills the neck is of two kinds: firstly, it may be lava which 
conge^ed before reaching the crater; or it may be fragmental 
material formed by explosions during the period of activity. The 
former is em'eted by the term intrusion** and the latter is 
said to be pyred^tic, and may range from accumuialions of great 
angular blocks to finely pulverized rock — tlie so-called volcanic 
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ash. These pj^roclastic are considered more fully in a later 

$ec:tion. The vent-rntnisions are usually lithologically and texturally 
indistinguishabte from surlaee lava flows. 

In this country parts of the Midland VsJky of Scotland are 
noteworthy by reason of the large numbers of small \rolcanic necks 


which have been located, especially in Fifeshhe and Ayrshire. In 
the former locality many of the vents are seen in cross'section on 
the coast. An outstanding example, occurring on the outskirts of 
Edinburgh, forms Arthur's Scat, a very prominent landmark over a 
wide stretch of ooiintr^' (Fig. 61). * 


SimptiSed map of tbo Cuboaifortpua lava idowB, intmAioiiB ipid vnlcamo voutd in tho viciiiity of 

Edinburgh. 

H.M. G#s0l. Sutfvty) 
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CrmS'Sectifln of tho Artliur*^ S^at vents. Tbe key to tbo ornament is 
given in Fig. 6 i. 

Tht Stricture of Lavas. 

From direct observation it is possible to di$tingui£li a number of 
types of Uva-flow. Under subaeHai conditions the flow may resemble 
a tumbled mass of clinker or slag. This is distinguished as block- 
and results when the volatiles in the magma are boiled off in the 
ventj before eruption. With more rapid uprise and less loss of 
volatiles the solidified lava $hows on the surface contorted, snaky 
folds, suggestive of irregular viscous flow. Tliis is ropy lava. 
A feature highly characteristic of submarine lavas of all ages is 
pillow structure. Lavas exhibiting this structure cons^t of kolated 



tallow lavas (spjEitfsJ witii jiuper between wmo ol the pillov stftscidrts, 

Anglesey, 

a/ifr hy GfoL Survey,) 
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pillow-^h&ped piled one upOTi another, the intervening 

spaces being filled mth sedimentary material, sometimes chert, 
soTnetimes limestone, sometunes hardened shale (Fig. 63). IntemaUy 
the pillcm^s are characterized by conoentrically arranged veside$, 
and occasionally there is a central ovoid cavity. PiUofw structure is 
shoAftTi by basaltic and andesitic lavas, while the most perfect examples 
occur in flows of spilile, a type of albite-basalt. In the case of the 
spilites, instead of parting at once with the steam incorporated in 
the lava, when erupted on the sea-fioor, the pillows swelled up 
like a sponge and retained suSident steam in the vesicles to dras¬ 
tically reduce the demity* Moreover, such lavas on eruption sewn 
to have been in the spheroidal state, and since each spheroid or 
pillow as it became detached was jacketed in steam, the lava 
flowing over the sea-floor formed a mobile sheet of rolling spheres, 
seldom touching one another until they had cooled down. SubaerLal 
lavas cannot show typical pillow structure. In Britain the best 
examples of pillow-lavas are of Precambrian and Ordovidan age, 
and arc described in the final section of this book,^ 

As a direct consequence of the conditions of outpouring, certain 
lavas are distinguished by marked flow- (or fluxion-) structure, due 
to the rolling over and puUmg out of the semi-solid mass. This may 
result in very distinctive internal structures described in a later 
chapter. Certain lavas are characterized by a cellular or scoiiaceous 
structure due to the elimination of water vapour and other gases 
during eruption. 

If the gases are not boiled off during the uprise of the magma but 
arc retained within it during solidification, a vesicular structure 
may result, provided that the vapour pressure within the vesicle 
exceeds the external pressure exerted upon it. The vesicles may 
remain spherical; but often as a result of flow movements within 
the lava ij^ey may be elongated. The presence of such ovoid vesicles, 
of extra large size* gives the lava amygdular structure. Both vesicle$ 
and amygdulea (or amygdales) are subsequently filled with such 
minerals as caldte, chlorite, chalcedony and zeolites, presumably 
resulting from interaction between the Lmprisoned gases, chiefly 
water vapour, and the surrounding rock-forming minerals {Fig. 64}. 

Pipe amygdulcs have been described from lavas in many parts of 
the world. They commonly occur at the base of the flow, and have 
the form of long narrow cones, topering upwards, up to a foot in 
length, and perhaps haU-an-inch in diameter. They are filled with 

■ WeUs, A. K., Gtai. lx (*9^3). p. ^3 with referejw« there quoted; also 

Hcid and Dcwvy, ''On tie Origm of FiUow-^Lavi in Cornwall/' gtw. /p««i. 

Ixiv 09^)p P- , 
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the same kinds of minerals as occur in the more normal ovoid 
amygdules. They appear to have resulted from the uprbe of steam 
from the moist surface over which the lava flowedp for they com¬ 
monly occur where lava was erupted over wet mud.* 

As a consequence ot contraction due to cooling many igneous 
rocks come to be traversed by regularly arranged systems of 
intersecting joints. In its most perfect development—in certain 
basic lavas and minor intrusions—the resulting structure is aptly 
termed columnar structure. The columns, which are very often 
long and regular, are bounded by three, four, five or six planes. 



no. 64 

Vsiculu basalt, Hutaure-, TyraL 


producing triangular, quadran^lar, pentagonal, and hexagonal 
prismSr Where the rock-texture is homogeneous the six-sided prisms 
are most prevalent, for of all the cases in which the ^^tres of 
contraction are equidistant, and the angles of the prisms fit t^^ether 
without any intervening ^ace, the hexagonal arrangement gives 
the highest ratio of area to periphery. The long axes of the columns 
are perpendicular to the retreating isotherms during cooling. In 
accordance with this law^ the columns are vertical in horizontal sills 
and flows; whUc in dyk^ they are horizontal if the walls are vertical. 
In many lavas, particubrly those of basic composition, three 
roughly parallel layers may be distinguished: an upper slaggy and 
vesicular portion^ a central zone with somewhat irregular columns 


"A 

of C«., 1911, p. O9. 



Geikifl, A., 
in ^'Geology 
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of sm^ cro&s-sectioiij and a basal layer, with more massive, regiilar, 
hexagonal ooluniDS. These latter have grown upwards from the 
slowly cooling base; while the thin "wavy” odumns grew down¬ 
wards from the more rapidly cooling upper surface,' Fine <^«aTtipl»«^ 
of columnar jointing are found in the basic rocks of the Western 



FIG. 65 

l^lumnu bMlt, Giiuit's CAUitwtjy, Co. Ant rim, 


Isles of Scotlaiid> at Slalfa and m Skye* also at EUe and St. 
Andrews in Fifeshire. Occasionally the colomns are subdivided into 
segments by a subsidjaiy cro^jointingj and usually such segmen¬ 
tation is accompanied by a spheroidal tendency* producing haU-und- 
scckei joinis. Spectacular examples are seen at the Giant's Causeway 
in Antrim^ by far the finest coLunmar basalt in Britain^ (Fig. 65)* 

* Piij^t-Tertiary Itocks of Mull/' Af#M; Ctot. Smv., 1924, P- 10^, 

S, L, ''The Bftialtii; Lavas of the Glut's Canarway D^trict of 
AortherD Irtland/' PflJf., Nopia, S£ne ii, tonm vi p. S9. 


















CHAPTER II 


MODE OF OCCURRENCE OF THE INTRUSIVE 
ROCKS 


SHEET-INTRUSIONS 


(a) Dykes.—In this c&tegory we include all intrusions of sheet- 
like form which ate vertical or nearly so, at the time of intrusion* 
Dykes vary in thickness from a ftaction of an inch to hundreds 
of feet, but the average width U probably between one and three 
feet.' As a consequence of their attitude the outcrops of dykes 
are not affected by the topography of the country in which they 
occur: th^ therefore appear as tieaily straight lines on geological 
maps, maintaining a tin if arm direction, sometimes for long distances. 
Parcel suites of dykes or dyke-swarms were intruded when a 
portion of the earth's crust was subjected to tension. The Lome 
dyke-swaim in south-west Scotland, with a chaiacteristic north-east 
to south-west trend, and the Mull dyke-swaim are typical examples 
{see Figs, 67 and 146). 


In other cases, however, a group of dykes has a radial disposition 
about a plutonic centre, as in the island of Rum. Here the tension 
resulted from the thrust of the magota against the roof (Fig. 151). 

Usually the dykes in any one swarm are pctiogiuphically of the 
same type, and bear witness to the existence underground of ex¬ 
tensive sources of (usually) basaltic magma. But the fact that the 
Cleveland dyke in the north of England, for example, can be traced 
almost amtinuously for 130 miles must not be taken to prove that 
the basin from which the ma^a was drawn necessarily extended 
over the same distance. Sometimes the internal structure of a dyke- 
rock suggests that the magma has been injected horizonily rather 
than vertically. Clearly, the fact that individual sheets, often only 
a foot or two in thickness, can be traced for such long distances, 
proves not only that the magma was exceptionally mobile, but also 
that it was injected rapidly. Successive injections of the same type 
of magma ioto the same dyke-fissure results in a multiple dyke. On 
occasion the same fissure has been followed by two or more 
injections of differ^t types, giving composite dykes. The most 
general case is that in which an initial injection of basaltic magma 
has been split centrally by a later injection of granitic material: the 
• The Great Dyke tn Rtuxtesia, althopgL called a '-dyks," stands apart iq 
a Mtegoiy of wwount of its thomnphly abnonnaJ dunenai™; it 

ia tliTM thiclt And iti miles long. 
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former is t3fpicMly black and finely crystalline in the hand specimen p 
while the latter h often much lighter coloured, often red, and 
carries relatively large crystals of quarts and feldspar. Examples of 
both multiple and composite dykes of Tertiary age occur in Arran* 



FIS, 6^ 

Sleety map and section (vertical scale exaggerated) cf thick Karps djolrdtc 
ailla intruded into sedimentjs ol the Beaufort Seriea, Soatli Abica. 
{Afier Rogm d%i TcU.} 


Skye,* and are well displayed alsg in the north-easterly dyke- 
swarm of southern Jersey, Channel Islands. 

and ^****^ TyrttU, O, W., Prtv. G*ei. Atice,, ixjcv ([924}, p. 413 

< Hirkw. A,. "Tie Tertiary Igacoas Rpgks o( Sleye," Mim. Gfoi. Surv.. 
‘ 9*^1 pp. 10 1 lod aojf. • , 
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FIG, 67 

Sketdi-nup of »utii-wcst aliowtcg a system of ncTtb-wist bMic 

dyka (of Tortiiiy 4^0] following oaxlior and linea of womkae^a. 

(Aft&f i/+M. 
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(fr) SJUSi—The three-dimensional form of a sill is the same as that 
of ^ dyke; but the attitude is different. SiUs are essentially horizontal 
as intruded, though subs«iuent tilting or folding may throw them 
into any attitude—induding the vertical. WTien the cotintry-rock 
consists o| stratified formations, the sill is nonnaUy injected between 
the bedding planes, and is thus concordant with them. It thus 
behaves at outcrop as if it were a part of the stratigraphical sue- 
cession, and difficulty may be experienced in deddbg whether a 
given sheet is sill or ^va-fiow. In some cases the mass-characters of 
the igneous rock may be sufficiently distinctive (see p. 144); other¬ 
wise the following observations may be helpful. Although sills may 
keep to one horizon for considerable distances, they do sometimes 
transgress suddenly to a higher or a lower horizon, io a manner 
which would be impossible for a lava-flow^ Similarly vein-like off¬ 
shoots, particukrly into the rock above the igneous sheet, would 
iDdicate that the latter is a sill rather than a flow, though sometimes 
sills have been injected into the mud on the sea-floor, and may 
simulate lava-flows very closely as regards such features as vesic- 
tilanty and contact alteration of the adjoining sedimentary 
materials. 

As with dykes, sills may be multiple and, in other instancea, 
composite. Again they consist dominantly of coorsolidated basaltic 
magma, and sills occur extensively underlying the areas of vast 
basaltic outpourings, noted above. They are also noteworthy in the 
Karroo in South Africa, not only oti account of their dominance 
of the characteristic scenery', but also of the extraordinary extent ot 
some of the individual sills: some extend over areas of from 3,000 to 
5^000 square tulles^ The dissected outcrop of one of these giant sheets 
is shown in Fig. 66^ It should be noted that the remarkable undula¬ 
tions, causing basin- and domedike structures are not characteristic 
of sills in general. 

In Britain, the best known and largest sheet is the Great WTiin 
SUl [p. 435), 


LENS-SHAPED INTRUSIONS 

(ci) Laccoliths.— These may be regarded as a special case of sills, 
in which the intrusion of viscous magma along a plane of weakness 
has caused an uparching of the strata above the intrusive mass. 
Ideally the floor remains flat; and in the classic description of 
intrusions of this type, from the Henry Mountains, Utah,* it was 
sugge$ted that the laccolith w'as fed by means of a central pipe. 

Ci]tvrt> W, "The Geology of the Heary Moaatiins/' U,S, Gtol. Surp., 

Washjqgtoa, 1$77, ^ 
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This is, hcm^ever, hypothetical^ and it appears more likely that the 
intrusion is fed by, and is a local modification of, a sill. The hydro¬ 
static pressure of the ma^a is believed to have caused the uparching 
of the roof. 

In sills the lateral dimensions are very great compared with the 
thiclmess; but in the laccolithic t^'pe of intrusion, the latter varies 
between one-third and one-$eventh of the diameter. Laccoliths may 
be multiple, as in the case of the so-called cedar-tree laccoliths. 
The gabbro of the CuUlin Hills in Skj'e may be of this form.^ 

{b) Phacolith-—This name is applied to a lens-shaped intrusion 
of concavo-convex shape situated in the core of an antidine. The 
phacolith owes its shape to intrusion into pre-existmg folded strata, 
while the laccolith, in theory, the arching of the roof. The 

t5T>e phacolith forms the Comdon, a gabbroic or doleritic intrusion 
occurring in the Shelve dbtrict of Shropshire.* 



n o. <A 


Din^TRiniiiatic E,-W. Mttioa ficrosa the BnshvelU complex, A rrd 

"graoite" overlie the basic rocks (chiefly florite), members ot the 

TtuuviaJ aystem, into wbicb tbe lopofrth is intruded, arc Lodkated as 
follow: stipfi*d. Black Heel Qnxjtxitep erw tulrd, Creat Dolomite i 
outcio|H ot I^etoria Series atxjve icttmtiOQ, F P (j^/rcr Do/y, 

(c) LopoUtlis..—Intrusions of this type are the convert of the 
phacolith^type, as they have the concavo-convex shape, but are 
convex dowTiwards, that is the central part of the intrusion has been 
warped downw'ards* Some of the greatest basic intrusions in the 
world are of this tjpe: thus, the Bush veld Complex in the Transvaal 
extends over a surface area, of 20,000 square: miles, and has a 
diameter of 2cx> miles (Fig. 68), while the Sudbury lopolith and the 
Duluth gabbroic complex are other outstanding examples* The term 
lopoHth was first applied to the Duluth intrusion j * 

As explained sub^uentlyp these great lopoliths are of a composite 
and multiple character, and often display a layering of the component 
rock-types, to a marked degree. Normally basic and uUrabasic 
rocks make up the greater part of the complex, with the latter 
occurring near the floor; while granitic rocks fom the highest parts 
of the mass. These giant intrusions must have resulted from a 

1 Harkct. A., 'Tertiaiy l^euua Roekg of Skye/' Afm. CwJ. Surv., 1904, 
p. $7; hot w xl» Hickey, J. E.. ia ’ Tertiary Voltaic Ceatiea/' Bwit. Rig. 
Gici., [935, p. SS. 

» Huker; A., Natwral Hiilory o/ Ignifms 19&9, p, 77; and Blyth, 

F, G, H.*'"Inbruiive Rocks of the Shelve Area/’ Quar. Joum, Ctcl. Sk., xeix 

1 Grout, F. F.^ Anuf. (1918), p. 516. 
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widespread foundering of a. section of the cni^, and the npwelling 
magma almost certainly broke through to the surface m places to 
give suhaerial flows,* 

INTRUSIONS OF RING COMPLEXES 
Just as lavas can be referred to two main types of extrusbup the 
one of a widespread character (plateau lavas) p and the other of a 
central and localized type (cone volcanoes) p so with rntrusive com¬ 
plexes. The dyke swarms and widespread sills are of the first kind 
and stand in strong contrast to the central tjpe complexeSp in which 
the full force of igneous activity was brought to a focus over a sifiall 
area. The classical area for studying this tjpe of complex is in the 
Inner Hebrides of Scotland, the chief tndivldtial centres occurring 



BkNck-^ia^ram of a single ring^yke injected thfongb hoirbQiital strata. 

in Mull, Skye and Ardnamurchan.^ From the example in MuUp it 
is inferred that the intrusive complex represents the basal wreck 
of a large central type volcano. 

The crustal forces operating in central complexes result in the 
formation of characteristic crescentic intrusions. Only their essential 
characters arc considered herep since example are described in 
greater detail in the last section of this book. 

(a) Ring-dykes. 3 —This term covers intnisions whidi have 
arcuate outcrops, the radius of which seldom exceeds two or three 
miles. The contact between the intruston and the wall-rock dips 
outwards as shown ideally in Fig, 65. In a ring complex several such 

* R. A., "The Bu^veld Igneous Complei," BuJL See. Amtr., 

pp, 703-76fl. 

* Richey, J, E., "Tertiajy' Ring Stmctarcs in Tran^. €iel. Sec., 

Glasgow, vd. Mix {193 P- 45- 

I BUlLogB, M. R* 'liiechaiiica of Iguecraa rntrasion in New Mexico^ Hamp- 
ahire/' I>^iy Volume, Amfr. Jmtm. Set., 1945, p. 40, with references to Jitm- 
tiire. I 
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mtrusions, vai^ng in width from several yards to about a mile, 
form concentric outcrops, with the earlier members towards the 
outside, and the later ones towards the centre of the complex. The 
last intrusion to be emplaced may have the form of a ring-faulted 
boss as, for example, in Ardnamurchan (Fig, 149), Some ring-dykes 
seem to have broken through to the surface, for they are fine¬ 
grained, dow-banded, and may show the phenomenon of explosion 
breedation, especially in the case of the more add rocks,’ 

(tj Cone-Sheets.—The Tertiary intrusions of the Inner Hebrides 
provide many exampies of a form of intrusion termed indintd 
shieis by Harker, and corna-shtets by E. B. BaUey.r These are in¬ 
wardly dipping sheets, having the form of segments of concentric 



FIG, 70 

Elock-diafma of a 


cones arranged about plutonic centres (Fig, 70). Screens of country- 
rock separate the cone-sheets from one another. This form of intru¬ 
sion is hardly known outside the British Isles, and within this area, 
the examples are all of Tertiary age. Both cone-sheets and ring- 
dykes develop above the nose of an advandng bullet-shaped plug of 
magma,! As the outcrop of the intrusive rock in both cales tends to 
form a closed ring, the central plug of country rock must have been 
displaced in order to make room lor the intrusive rock. Field obser¬ 
vations prove that ring-dykes expand, while cone-sheets narrow 
downwards. In the fonner case, therefore, the centra] plug must have 
sunk away; while in the latter case it must have been pushed up, to 
allow the magma to rise [Figs, 69 and 70), For simplicity we have 
illustrated only one example of each: but in the British Tertiary 
Province they occur in amazing complexity. There may be a doaen 


’ J, E,, "Ass«iatioii of Exploaive BreecUtioa and Plutonic latra- 

lion M tlie Bntah TertuuyIgneous Ptoviii»,"S«;l, Potf.. Sirieii [1940!, p. isT* 
» Tritwiy and Post Tertiany RocteoIMTOI," Mtm. Gtpf. Svn., IM4 p 

I It. * • + T T.*' J 
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ringnlykes and scores of cone-sheets around a focal point lying 
above the source of magma from which they were derived. 

(c) Cauldron Subsidence Intrusions; BysniaUtbs^—One 
further tj-pe of intrusion must be mentioned here* for if also is 
connected with a type of ring-faulting. As defined by Iddings^ a 
bj^smalith is an injected bedy^ having the shape of a cone or cylinder, 
which has either penetrated to the surface or teimmates in a dome 
of strata like that over a laccolith. The "plutonic plug” of Russeh^ 
is a similar conception. Vertical displacement with faulting is the 
characteristic of this method of intrusion. Mount Hoknes^ in Yellow¬ 
stone Park, is cited by Iddings as a type. The hysmaiitb appears to 
be genetically related to the laccolith, but owes its cross-cutting 



no. 71 

Dia^run lections tq illustrate intnision by cauldron atib^idciicfl. 


relationship to the invaded formations to the relative mcompetency 
of the latter to resist the passage of the magma, and to the greater 
speed of injection. 

It is dear that if the roughly cylindrical fracture of Fig, 71 had 
failed to reach the surface, or alternatively^ if the sinking block had 
been terminated upwards by a homontal plan** of weakness (X in 
Fig- 7^)1 ^ space would be formed above the sinking block and into 
it magma would be drawn. On consolidation thb intrusion would 
be of cylindrical fonn, of circular cross section (as at level A in Fig* 
71 I it would have a flat floor, and at a certain level (as at B) it 
would give place to a ring-dyke. Such movements are referred to as 
"cauldron subsidences" and they are due to "piston faulting.” The 
classical British example occurs at Glencoe in South-West Scotland^ 
described in a subsequent section. 

* JcMrn. 0f vi p; 707. • 


^ > /i«r..iv(iSg6), pp.^a3-43. 
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The large ring-dykes and granitic masses which have been intruded 
as a result of dbplajcement following ring-faulting, form a transition 
between the intrusions described so far, in which the form and 
mechanism of intrusion are reasonably well understood, and the 
great subjacent intrusions, with steeply plunging contacts which 
continue downwards to unknown depthSp and whose three-dimen¬ 
sional shapes and mode of origin have occasioned so much contro¬ 
versy. There is certainly scope for wide differences of opinion on this 



FJG, 

Block-diagrarc showing the features «r an ideal bathotitb (or b^^Uiylithj. 
P, Root pendant. C, Cupola. Metamorphic anret^le stippled. 

Jrifm a, /. 

major problem of petrology, and for markedly different tmterpreta- 
tions of the field evidence. 

SUBJACENT PLUTONS 

(«) Batholitbs.—This term was introduced by Suess to connote 
the major, deep-seated intrusive masses of very large size occurring 
typically in the great mountain ranges, and generally elongated 
parallel to their tectonic trend. Their roofs may be dome-sbaped, 
their walls steeply inclined, generally iu such a Tnanner that, when 
exposed by deep denudation^ they either maintain their diameter* or 
grow broader with increasing depth. 

The stripping off of this roof by denudation may, in the early 
stages, d^ose isolated, irregular outcrops of igneous rock, which by 
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raasim of their small convey no hint of the immensity of the 
pluton lying at no great distance beneath the level of the ground. 
At a later stage, the isolated outcrops connect up, while the inter¬ 
vening stretches of highly metamorphosed roof-rock are reduced to 
small islands (roof-pendants). In ad^tion to, or in place of a main 
outcrop, "^cupolas" may rise from the hidden batholith, as satellitic 
intrusions in the country rock. The roofs of batholiths and laccoliths 
are similar in general form, and in the absence of definite evidence 
as to the character of the lower parts of the intrusion, the non¬ 
committal term Dome is frequently used. 

{6) Stocks differ from batholiths only in size, and in some cases 
are merely cupolas exposed by the inoomplete unroofing of a 
bathoUth. They may be defined as subjacent bodies less than 40 
square miles in area, which have cat across* and apparently replaced, 



Sectlqn through a granite dome intrusive in the IdUo^ qf ComwaU md 
by dykes o£ elvan [E). 

the invaded formations. Like batholiths they have steeply plunging 
contacts and no visible floor, 

(c) Boss is the term applied to stocks of circular oross^sectionH 
THE PROBLEM GF THE INTRUSION OF PLUTONS 

According to the original definition given by Suess* batholythic 
intrusions Originate by the melting and assimjJation of a portion 
of the invaded formation. Michel L 4 vy had reached the same con¬ 
clusion from his studies of French intrusions. The universal accep¬ 
tance of Suess" term, however, does not imply genera! agreement as 
to the mechanism involved in their formation. In fact, opinion is 
sharply divided on this point. 

The space problem concerning the origin of these major plutons 
is very simply stated : if such vast ma^es of material are intrudedp 
what becomes of the equally immeuse quantities of rock, the place 
of which has been taken by the granite? There are two main alter¬ 
natives. Firstly, the invaded rock may not, in fact, be displaced 

^ SiUtmgsbfrichU dcr Wirrur A Aojffciv (p. 5£. 
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at all, but replaced iti siiu by meta^omatic processes. In other 
words, the original rocks have bem converted into granite by 
the minimuiri addition of new material from deep-seated sources. 
The attraedveness of this conception lies in the neat majiiier in 
which it disposes of the sj^e problem: it jnst does not arise. There 
is at the present time most lively controversy over the reality and 
extent of this process of granitbation of pre-existing rocks, which is 
considered later in the section d(^lmg with the origin of the acid 
piutonic rocks. 

Failing an origin by replacement, then bathoUthic rocks must 
have been emplaced by of the invaded formation. This 

may be effect^ in several diherent 

The magma^ generally granitic, may shatter, displace and incor¬ 
porate large and small fragments of the roof- and wall-rocks by a 
process of magmatic stoping. The initial shattermg, according to 
R. A. Daly,* is brought about by the strain caused by the difiereutial 
expansion of the cold country rock when brought into contact with 
the very^ hot magma. Since solid rock is more dense than a liquid of 
its own composition, displaced blocks of most rocks tend to sink, 
and according to their nature they may actually melt, or react with 
the magma, and eventually disappear. These inclusions of country 
rock, or xenobths as they are c^ed, are therefore most abundant 
in the marginal fades of the intrusionp since it is only towards the 
margins that freezing of the magma stops further movement of the 
xenolithSp and also puts a stop to their complete dissolution. The 
difBculty of assessing the extent of sloping is obvious. For every one 
xenolith frozen into the '"crust" of the intrusion, a host may have 
been completely assimilated and all direct evidence of their prsence 
may thus be effectively removed^ 

Two important consequences result from stoping; firstlyp room is 
thus made for the advancing magma; and secondly, important 
changes may be effected in the composition of the magm^, and new 
rock-tyq)es may thus be brought into being. Several probable cases 
are dbcussed in due course. 

The wholesale removal of the invaded rock may be achieved by 
down-faulting of whole blocks, on a different scale altogether from 
those incorporated by stopbig. Thus some of the granite in 

western Scotland are believed to have been emplaced by ring- 
faulting and cauldron subsidence fsee Fig. 71). The granitic 
magma in such cases probably moved upwards by way of the ring- 

I Igiwui and th* D^ths q/ th* EartA, lois. P. ^67. 

» ’Wells, A. K. uid Wooldiidse. S. W., Rock of JerMy, with 

rdcKnu b> Intni9iv« Fhecudmeoa at Rddfx," /Yoc. Gtel Attoc xlii 
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fractures, and cmisolidated above the central, down-faulted block* 
The details ot this mechanism were originally worked out in Scotland, 
with special reference to the Glencoe and Ben Nevis granites; but it 
is at least possible that many other boss-like masses, of circular to 
ovoid cross-^tion, originated in this way. The fact that some 
concordant intrusions come into position by thrusting aside the 
waU-rocBp or by upardiing the roof-rockSp has long been known: but 
the possibility that a similar mechanism may operate in the case of 
the subjacent intrusions also has been seriously considered only 
since about 1925- At thb time Han$ Cloos published some of the 
first accounts, not only of the external form, but also of the internal 
structure of the batholithic rocks." Since then E. Cloos, R. Balk and 
others have made structural studies of a number of plutonic masses, 
espeaally in the U,S,A. The correct Interpretation of the internal 
structures throws light on the mechanism of intrusion. It serves 
another useful purpose in demonstrating that many granites have 
crystallized from material which, if not a hundred per cent magmatiCp 
was suffidently fluid at one time to develop flow-structure. This is 
obviously of impOTtan<^ when considering the metasomatic or 
magmatic origin of a pluton. 


InUrtud Siruciurcs in Subjacent In£ru$ionSr 

Two structural elements are involved: firstlyp the hneation of 
individual crystals and inclusions due to flow movements; and 
secondly, jointing due to fracturing after consolidation. A compre¬ 
hensive account of these phenomena is given in an important 
monograph by R, BalkA 

Flow Structures develop as a consequence of the alignment of 
crystals and xenobths during the act of intrusioOn With regard to 
the first p the phenomenon is most clearly demonstrated by dystals 
of flattened, tabular habit, notably by feldspar phenocrysts. In this 
country^ the west of England granites, for example the "giant 
granite of Dartmoor and Land's End^ are typical in this respect. 
As regards xenoliths, these arc often softened suffidently to be drawn 
out mto "schHeren"^ which appear as dark streaks in the normal 
^mnite. As a consequence of these flow stnictures, layers are formed 
Tvhlch are normally parallel to 4 he walls of the intrusion. In an in- 
ttusion with a domed roof these flow^-layers or platy flow-atructurea 
dip outwards from the centre of the mass, and plunge steeply 
downwards in conformity with the dip of the actual surface of 


Magnus . , Abh Pt^s. Cfci. Landi^nasf., Heft Sg, p. t, 
“a tinfubrang in die tektcnisdie Behimdluiig naaffmatiKher EracUemuuFeii 
tvraQittEJct ftniik J ** 

^ Stmctiiral Bchav^ur of rgetous Rocks/' Sim^, America, Mem. 5, 
"S 37 - * 
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contact with the wall-rocks. They may thus be almost vertical in 
steep-walled stocks and bosses. 

It is possible for the streaking out of these flow structures in the 
marginal zone of the intrusion to cause heterogeneous nuneral 
banding similar to that commonly regarded as due to regional 
metamorphisin. In the case of such primary gncissic banding, 
however, other metamorphic features, such as evidence of stress 
and catadasis, should be absent. 

It may be possible to detect the actual direction of flow of the 
magma hy means of the parallel orientation of crystals of prismatic 
habit, such as hornblende, for example, or by the softening and 
elongation of xeooUths. These linear flow structures may te 
combined with layering, or they may occur independently; but in 
any three-dimensional exposures arc necessary to distinguish 
between the two types. It must be realized that these flow- 
structures are phenomena; they lend to die out towards 

the centre of the mass, where the rock becomes massive, and even 
the feldspar phenocrysts. if present, become dlsoricntat^. 

Joint Structures-— Unce the outer crust of the mobile mass has 
solidified, no further flow is possible; but beneath the crust the 
magma may still exert a pressure on the crust and by stretching it, 
produce tcnsional or "cross joints." Since the stretching follows the 
same direction as the linear flow of the previous plastic stage, the 
cross-joints are developed perpendicular to the linear flow direction 
of the latter. 

Tliere are, however, several sets of joints in a granite mass, and 
enough has already been said to show that their proper interpreta¬ 
tion is dependent upon the recognition of the flow structures. Some 
of the more important primary jointing systems are:— 

(nj Cross joints, already described; 

(i] Longitudind joints, striking parallel to the trend of flow lines, 
and probably developed as a result of weaknesses'parallel to 
the aligned minerals; 

(c) Diagonal joints at angles of approximately 45” to the trend of 
the How lines, formed as a result of the compression which 
operates at right angles to the flow, 

(i) Flat-lying joints, of which the* origin is still obscure. 

These joint directions may be followed by veins of aplite and 
pegmatite, or the joint planes may be coated with veneers of minerals 
of hydrothermal origin, thus indicating their primary origin. In the 
absence of such mineralization it may be impo^bie to distinguish 
between primary joints connected with the act of intrusion, and those 
of later origin. Prominent ai^ong the latter are planes which develop 
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parallel to the surface of the ground and named, rather mMeadingly, 
exfoliation or bedding joints. In fact they may be highly perfect 
joint planes spaced widdy apart, and occurring to a depth of many 
feet in the rock. Naturally only primary joints are of value for 
determining the possible shape of the rock-mass, and in practice 



FIG. 74 

Block dligrajiL showing th-e rdatioiistiip between flaw stnichirts and 
[oLnt Eyiiems in an mass. 

ic] cross jQhuts; (4) diagooiU joints: (/) fiaMjrtng joints: longitudinai Jointa. 

most of such information is obtained from the study of flow 
structures combined with cross join ting alone. 

Weathering takes place particularly easily along these various 
joint planes, so that exposed surfaces appear broken into angular 
blocks as shown in Fig, 75. On a freshly exposed surface it may be 
almost impossible to determine any directional properties in the 
rock, which appears massive and structureless. Nevertheless, planes 
of weakness* generally three ahnost rectangular sets, are normally 
present and can be detected by the experienced quarryman (Fig- 
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Mural jointing in Goat Feti* Airaiu 
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Pseudo-stiatificatioD in grajiitE du« to horiiontaJ jointiog or "si 
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CHAPTER III 


THE CONSOLIDATION OF MAGMA 

The original fluid raw material of igneous rocks, or magma, may 
have a wide diversity of ohemical and physical properties. Some of 
these have already been described on p. 23, when the nature of 
igneous rocks was discussed. For the purposes of the present chapter, 
however, it b assumed that a magma is originally a hot fluid which 
is essentially a melt of complex silicates and oxides, or more oorrcctlyp 
one capable of crystallizing out to jdeld these components- In 
addition, small amounts of ordinarily volatile components such as 
O, COap etc., are present. The proportions of the various 
elements vary greatly, mainly according to whether the magma is 
highly siliceous (add}p or poor in silica (basic); but always the chief 
components indude the following: Sip Al, Fe^^ Fe^^\ Mg* Ca, Na, 
K, and most important of ah, ojcygen. It so happens that in the 
silicates, the ratio of the other elements to oxygen is always such 
that their formulae may be written down in terms of oxides; for 
example, orthodase KAlSijO| may be written as K *0 * A 1 , 0 ^ * 6SiO,. 
For this reason the convention has been adopted of stating the 
ana]3r5es of rocks in terms of the percentages of various oxides. 
It is well to bear in mind, however, that very few of these "oxides"' 
are really present as such^ 

The cooling and crystalUzaticn of a mass of such complex com¬ 
position is inevitably a complicated process; but by careful 
study of the textural interrelationship between the muierals in 
rocks, it is possible to establish an order of crystallization. It is 
e^dent that the first minerals to crystallize are those which can be 
precipitated from a oompletdy,i or almost anhydrous melt, at high 
temperatures. These are the so-called pyrogenetlc minerals, and 
indude the nia}ority of the silicates found as primary' constitucDts 
in the basic ro<^s — olivines, most pyroxenesp the caldc plagiodases, 
etc. The separation of these pyrogenetic minerals leaves the liquid 
relatii^ely enriched m M,0 and various other components of low 
atomic and molecular weights, which are known as the volatile, hyper- 
fusible,or fugitive constituents. Several rock-forming minerals require 
for their formation a high concentration of these volatiles. These 
hydatogenetlc minerals depend more on concentration of volatiles 
than on high temperature for their fonnation. Most of the alkali^ 
rich minerals and those containing hydfpxyl fall in this cat^OIy^ 
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The history of the cooling and ciystallisation of a magma can 
be divided into a number of stages, based largely on the dommance 
of the rAles of temperature and concentration of volatiles. 

The orthomagmatie «tage covers the separation of the pyro- 
genetic mineralSp and in the case of a basic rockp accounts for the 
crystallization of the greater part of the component minerals. 

This is followed by a stage during which the portion still in the 
fluid condition has extremely low viscosity on account of the increas¬ 
ing concentration of volatiles, while the temperature is still fairly 
high, perhaps between 400° and 600^ C. This leads to the devdop- 
ment of crystals of exceptional sia&e* distinctive of the pegmatide 
stage of crystaUi^tion. It is possible that the more volatile fractions 
may sometimes occur as gases above their critical temperatures 
under these conditions, especially if there is a local reduction of 
the external pressure within the system. Certain mineralSp notably 
tourmallae> topaz and fluorite are especially characteristic of such 
gaseous p or puenmatolytic conditions. The products of the pegma- 
title stage are crmimonly segregated into veins and dykesp in whidi 
case they form highly distinctive rocks (p. 202). 

Finally the residual fluid may gradu^y pass towards the con- 
dition of low temperature aqueous soiutionSp and any deposition or 
replacement occurring at this stage is said to be hydrothermal^ 

The cooling history of a magma has been divided into more 
elaborate stages by some authoTS, who base their divisions on 
teiiiperature limits. There i$, ot course, no direct way of deterTruning 
the temperature at which any particular constituent has crystaliizedp 
but there are several mineral changes, for example the inversion of 
beta- to alpba-quartz, which are known to occur at fairly constant 
temperatures. The presence of these critical mincraISp therefore^ 
allows one to estimate approximate limits for the several stages. 

These points on the "'geological thermometer"' are, howeverp too 
few and too much subject to vamtion under natui^p ^s distinct 
from experimental conchtionSp to provide a wholly satisfactory bans 
on whkdi to establish a complicated system of stages of crystallka’' 
tion.* In any casCp the processes arc actually continuous, over¬ 
lapping of the stages is inevitable, and exact limits cannot in practice 
be assigned to them. In particular, it is often impossible to dis¬ 
tinguish between phenomena produced during the pegiuatitic- 
pneumatolytic stage and the hydrothermal stage. In some cases, 
indeed p it is possible only to dilflerentiate hetween the products of 
the orthomagmatic, primary crystalliiation on the one band^ and 

« A vaJu^bli^ summaiy and c:rTtici$in of Ibo mfl4iy tenm havfi btfeci AO 

nifid, li by S. j, Shaud: ''Tbe XmniiMilQgy of ud Pc«t- 

Magmatic ProceMM," jeum. ki (1944), p, ^+1. 
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the latcrStag^ modi&cations on the other. Some of the more unpOTtant 
aspects of these two fnain, broad divisions are considered below. 

PRIMARY* OETHOUAGMATIC CRYSTALLIZATION 

From an early date in the history of petrology much attention 
has been paid to the apparent order of crystallizatioii of the minerals 
in rocks. It was observed that in a large nnmber of cases there was 
a definite sequence. Applying the principle that if mineral '*A" 
encloses or is moulded upon miner^ the latter must be of 
earlier fonnation than the former, the commcMy observed sequence 
was found to be: accessory minerals* ferromagnesian minerals, 
feldspars, quartz. Within each group a secondary sequence was 
related to a instant increase in the silica content. This supposed 
regularity of order was summed up in Rosenbusch's "'Law of 
Decreasing Basicity/" However, many exceptions have been observed, 
and the principle is liable to misinterpretation since the observed 
order b that of oompletion, not the commencement of ciy^ial^- 
tion.* The so-called law depends on the premise that^ since tlic initial 
composition of magmas varies only within quite narrow limits, 
there can be httle variation in the order of crystalllEatioii* 

As a result of the study of the thermal behaviour of slags and of 
silicate melts of simple composition* it is now realized that the 
consolidation of such melts is governed by the ordmaiy' laws of 
physical chemistry and of thetmo-dynamics, including the phase rule^ 
The practical study of the subject is rendered specially difficult by 
the high temperatures and pressures involved, and by the fact that 
the great viscosity of fused silicates, when in the neighbourhood of 
their freezing-points* renders the ^tablishment of equilibrium 
extremely slow. In addition, the magmas are of very complex corn- 
position; two or more components frequently form solid solutions; 
while a mineral stable at high temperatures may be converted into 
some other felated mineral at a lower temperature. 

A very great increase in the knowledge of the crystallization of 
silicate melts has been provided by the experimental researches of a 
team of workers at the Geophysical Laboratories at Washington^ 
D.C. Such experiments ajc limited in their scope by reason of the 
complex composition of all but a few of the simple^ rock-forming 
silicates ; hut at least certain broad principles have been established 
and a basis has been provided for the study and mterpretation of 
the mutual relationships betweai these components of the crystalline 
rocks. 

It was formerly supposed that the order of separation of minerals 
from an igneous melt was sLuipty that of their freezing-points as 
T A. Holmes, Feifogritpki^ igio, p. ^49- ^ 
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determined experimeDtaUy. Actnally this can be true only for mono- 
mineralic rocks—those consisting of but one component. The 
influence of one mineral upon the ciystallization of another is, 
however, considerable; while the efiects of pressure cannot be 
ignored, although they do not appear to be very great. 

The mystallkation of a rock consisting of two couiponeats is 
instructivej and two possible cases will be considered: first, that 
in which the components are quite incapable of forming solid 
solutions {i.e. they are iimiusdble in the solid state), and secondly, 
that in which the components are capable of forming a continuous 
series of solid solutions. In addition, the crystallization of a simple 
three-component sj^tem will be examined. 

The crystallizatiou of a pair of minerals which do not form mixed 
crystals can be exemplified by means of a temperature-ooDcentration 
diagram, in which the relative proportions of the two components 
ate shown in percentages by abscissae^ and the temperature by 
ordinates. Take, for instance, the case of an anorthite-diopside 
melt. 

The equilibrium conditions under which these two minerals wiU 
crystallize from melts of variable composition are shown in Fig* 77, 
Starting with pure anorthite at the point A, the addidou of an 
increasing proportion of diopside lowers the anorthite freezing-point 
as shown by the curve A£, and similarly the addition of anorthite to 
diopside produces the curve DE. The point at which the two curves 
intersect is known as the euUdic-pcitU^ E, 

Given a magma represented in composition and temperature by 
the point P. and subject to a lalliug temperatuiep no consolidation 
will take place while the temperature falls from P to P'. But at P' 
the constituent (here diopside) which is in excess of the eutectic 
proportion begins to separate in the pure form, and the system 
moves (by fall of temperature and change of compositioii of the 
residual liquid) along the curve p-E, On reaching point E, 
the whole liquid consolidates as the eutectic, without further change 
in composition. If* on the other hand, we start at a point Q* repre¬ 
senting a liquid in which anorthite is in excess, a similar result is 
obtained, but pure anorthite first separates. It is to be noted that the 
solid formed by freezing at the eutectic-pomt is a mechanical 
ruixture of tlie two minerals, and not a solid solution: it b often 
characterized by the graphic texture (p. 20^). 

Thus it is seen that when a pair of tniner^ iucapable of forming 
sohd solutions (mw-ffysfab) are cooling together from a molten 
condition, there is a certain definite ratio of the One to the Other 
in which they will crystallize out simultaneously in intimate ad¬ 
mixture. 'Wldchever mineipl as in excess of this (the eutectic) 
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proportion, will crj^taJUiso out first. It is important to realko (i) 
that the order ol separation of the two components is independent 
of their freezing-pointSp and (a) that over a definite interval of time 
the two minerals are forming simultaneously. 

The eutectic ratios for certain pairs of minerals have been esta^ 
lished. Thus from an exhaustive study of gabbroLc and noritic 
rocks Vogt has demonstrated that for hypersthenc {or drallage) and 



Fit*. 77 

F^uil tbriuin conditidns of thfl hUiary' Ayi^tem IJidpside-'AjKirtMteL 
■ ^ {Aflir N. L. 

Tbc 19 given ia the l«t. 

labradoritc the ratio is 35 : 65.* Investigations of the cquiUbrium 
conditions go\'eming the crystallization of simple silicate melts have 
shown that for diopside and anorthite the ratio is 58 :42, and for 
diopside and forsterite 88: 

An excellent illustration of the relation explained above is afforded 
by a case recorded by Marker from the Isle of Riim.*Iii a series of 
rocks, consbtiog essentially of anorthite and olivine^ tbc former is 
* Vofft, H, L,* ''Fhyiicai Chemistry ol the CrystiiltiaatiM and Magmatic 
Difierentiation of igpcons Rodcs," fount, P/ , 

' Bowen, N. L., "The System Diopdde, Fontente, Silica, /w", 

Sci., navtii (1914)^ p. 209+ t * 
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louad to have crystaEized out fli^t when the rock b rich in that 
minemJ^ while in varieties rich in olivine the reverse holds gtiod. 
Only when the two mmerab occur in the eutectic ratio have they 
cxyrstaUized simultaneously.* 

If in addition to the two minerals a third be presentp say pyroxene 
in the case -quoted, Nemst's law of the reduction of solubility 
between substances having a common ion,^ appears to govern the 
order of ciystallbation. TTiiis oliviiie and pyroxene have the ion 
(MgpFe) in common^ oonsequenily the soltthility of the olivine i$ much 
reduced, and it invariably crystallizes before the feldspafp even when 
not present in very large amount.? 

The oystallization of two minerals that form a continuous series 
of solid solutions is well Hlustrated by the exceedingly important 
^oup of the p^odase feldspars.^ In such a system, the solid and 
liquid in equELbrium at any temperature are of difierent composi¬ 
tion p the solid being always richer in the component with the higher 
freezing-point. Of the two curves shown in Fig. 7S, the one marked 
"solidus"" traces the change of composition of the solid with fatting 
temperature, while that marked "'Hquidus" shows the corresponding 
change in composition of the liquid. Temperatures are plotted 
vertically, whEe the compositiods in percentages of anorthite (An) 
and alhite (Ab) are measured on the horizontal ''composition linc.*^ 
The comse of crystallization is as follows: Starting with a melt of 
composition at a temperature no solid will be deposited 

imtfl the point (a) is reached. At this temperature (TJ a small 
amount of solid of ccmposition [b) will be depceited. This solid {b] 
is in equilibrium with liquid (s) at temperature T» (and similarly for 
every other pair of faints on the two curves cut by horizontal lines 
representing successive temperature changes). The separation of 
^orthite-ridi solid has. howeverp altered the composition of the 
liquid phase which is richer in albite than originally. Let us suppose 
that the fall of temperature is temporarily arrested ft Tj. when 
solid (c) is in equilibrium with liquid (d). The earlier fomied solid (6) 
will react with this liquid, the excess of the anorthite will be leached 
outp and equilibrium will be restored when all the solid has the 
composition (c). But the fall of temperature is continuous, the change 
in competition of the liquid is continuous, so the solid also gradualLy 
changes in composition, approaching closer and closer to Abj^An^a' 
The whole mass wUl have this compcisition at the temperature of 
final consolidation p T^. 


1 Hark€j, A.. Geology of Ui* SmaU Isles of InvemEH.-^ Mim Giot. 

" Kenat, Tk^ti. CAai, ^ edit.. 1904, p. 492. 
J A., The Goaloffy of the SmaU lilee of Inveraesa/^ M*wt. Gsei. 

oiflv.* 1908^ p. S6, 

* L,, Amtr. Jomm^ xuv ( 1913 ,}. p. 583. 
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It must be understood that during the cooling of such a system, 
only a sbgle liquid phase can eJcist: while il equilibrium is fully 
established, then there is also only one homogeneous solid phase. 
The difference of temperature between the commencement and 

•C 
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completion of the act of ciystaQmtion called the ^'aystaUkation 
interval" (Ta-T„)» An interesting enroll^ is that the freeidng-point 
and melting-point of such a system are not the same: freeikig begins 
T, while melting begins at 

Hitherto we have assumed that peopling was taking pl^ very 
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slowly and that ^uilibriunii was fully established at every stage. 
Such, however, is uot invariably the case. It frequently happens 
that cooling is so rapid that> on account of the high viscosity of the 
melt, equilibrium between solid and liquid is not fully established^ 
and hence the growing crystals vary in composition^ and in optical 
and other physical characters h'om the centre outwards. Each 
successive layer or stone deposited on the nucleus retains its onginaJ 
character: there is no time for reaction with the liquid portion of the 
system to take place. In this way zontd cry^stab are formed, and are 
specially common in the plagiodase and pyroxene groups. In the 
former case the nucleus of a crystal having the bulk composition of 
labradorite may be almost pure anorthite, (^) while the 

last drop of liquid, the last zone added to the growing crystals, 
is nearly pure albite, Ab|^4njg fFig, j&y . 

Although we have considered the pla^odases only, the importance 
of the principles illustrated by this one exainple may be gauged 
from the fact that with the exception of quartz, all the important 
rock-forming silicates are members of similar $olid solution series 
and their crystallization must follow a similar course^ 

The order of crystahkatioa in a system of three components can 
be easily treated along similar lines. For the sake of simplicity we 
will assume that the components do not form solid solutions, taking 
as an example a quartz-syenite, consisting of quartz (A), orthodase 
fB), and hornblende (C). Each pair of components AB, BC and CA 
can form a binary eutectic, and there is in addition a ternary eutectic 
of three components ABC. 

A system of this kind can be represented by a triangular 
diagram which is the projection of a solid model on the plane of 
its base. Each of the pure components is placed at the comer of the 
triangle^ and each of the sides of the latter is divided into parts 
to represent percentages. Each point on the sides of the triangle then 
represents a mixture of two components; wh ile every point inside 
the triangle represents a mixture of all three components. The 
ternary eutectic is one such point, though this does not necessarily 
lie at or even near the centre. 

From each of these points representing compositions, perpendiculars 
are drawm proportional in length to the freezing-point of the mixture. 
It is obvious that there is an infinite number of such mixtures and 
that the perpendiculars will make a solid model rather Hke a trigonal 
prism but with an irregular upper surface. The irregularities on this 
surface are shown on the triangular diagram by drawing equally 

■ The cooipoiitioD. uf the solidji and Uquidat. tepre^cated by the poLots 
are found by dft»ppicig peipimdicubLn from the point under i%ii«idemioa to 
the oomi^iticn line: £ hu tbe dbrnpositinn 
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spaced contours on it and then projecting them down on to the base, 
just as in the preparation of an ordinary contour map (Fig. 79). 

In such a system the oonrsc of crystallbtation of a mixture reprft' 
sented by the point x will be as foUows: Since the mixture clearly 
contains the component C in excess of the binary eutectic ratio BC, 
this excess begins to separate out, and the composition of the mix^re 
changes along the line joining C to je and. continued until it strikes 
the coiectic-iitu E*, aty. The solution, is then also saturated 
for the component B, and B and C separate together as the binary 
eutectic. The composition then changes along the line y-E^*,, tai 
finally the ternary eutectic is reached at For any other point 
the course of crystallization is ecactly the samep except that p if the 


c 



Triajj^lar dugrun to th* course oiE crystflHuation ia * three- 
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original mbrture lies withio the area Ej^ then B crystaUiies 
first; if it ]ie$ within AE^ then A begins to aystalliM first, A 
fine such Cxyi in Fig. 79 illustrates an importaut principle which 
is useful in the corisideration of such diagrsiusp namely that every 
point On it represents a constant ratio of A to B* the proportion of 
C only varying (from 0 per cent at x to 100 per cent at C). 

When a solid model is made on the principle outlined above p it is 
readily seen that each of the vertical planes standing on the Enes 
AB, BC and CA is a binary eutectic diagram Eke Fig, 78. From each 
of the binary eutectic points E^c £4^* a "valley'" stretches 
down to the ternary eutectic point which is^ of course^ the lowest 
point on the surface^ 

The Outstanding points of interest are (i) that the order of 
separation of the minerals is determmed to a small extent by the 
freezLug-points of the pure substar^pes^ but chiefly by their relative 
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concentration in the mixture, and (2) that the periods of crystalliia- 
tion of the several components overlap: during a deEnite period two 
components, and at a slightly later stage three components, are 
forming simultaneously. 

Another important factor that has to be considered is the phe¬ 
nomenon known as inoongruent melting,. This means that when a 
certain mineral is heated it does not melt directly to a liquid of the 
same composition, but changes to another solid and a liquid, both 
differing from the original mineraL Thus it has been shown that 
orthodase has no true melting-point, but melts to leudte and sUica- 
rich liquid {p. 97). Similarly on beating artificial enstatite [MgSiO^ 
to a high temperature {1557' C), the two products forsterite and 
silica-rich liquid will be obtain^. It is the inverse process which 
is important in petrogenesis; when a melt of the composition of 
MgSiO, is cooled, the first mineral to separate is forsterite, but this 
becoming unstable at a lower temperature (1557“ C), reacts with the 
liquid and b converted into the orthopyroxene, enstatite, thus:' 

Mg^iO* + SiO. = :jMgSiO,. 

If the reaction is incomplete the latter mineral b deposited as a 
fringe or rffac/iVj« rim surrounding the olivine where in contact with 
the liquid, as may be seen in so many basic rocks. Such a pair of 
minerals is termed ^ “reaction pair/* 

Re^ntly much emphasis has been placed ttpon the reaction 
principle in rock-building* that is to say» stress is laid un the mutual 
interactioBi which takes pl^ce in a cooling melt (magma) between 
the solid and lic]uld phas^j, between early fortued crystal and 
the residual LiquidI, This reaction may be continuouSp giving homo- 
geneous soUd soliitidns* as in plagicxJaseSp or it may be discon^ 
tinuous, tald^ place only at definite temperature intervals. The 
latter type is illustrated by the replacemenitp. completely or in part,, 
of olivine by pyroxene, and of pj^oxene by primary l^pmblende 
Such a scrite of minerals^ when arranged in the order in which the 
transformations occur* constitutes a dtscon/inuavs stfriij. 

Bowisn has drawn attention to the following series: olivine ^ ortho¬ 
rhombic pyroxene ^ common augite > bomblende > biotite; 
leurite ^ orthodase anortlute ^ albite,^ oommon aggite sodto 
augite; common hornblende ^ sodic hornblende ^ iepidomelane. 

It should be realized that almost ail the rock-forming silicates 
are members of isomorphous groups, each one of wbidi is a con^ 
tinuous reaction series; that each of these in turn participates in the 
changes bid ted at above. Further, taking the simplest possible view 

^ Bovn. N L.* "The Re^tkra Principle to Petnwenetids,” /n*rTt, 

VOL 3UCX [1^22 p. Ijj, ^ ^ 
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of the ootifse of crystallization to a naturaJ roagma^ it has been 
established that there axe at least twe parallel series of dianges 
taldng place concurrentlyp and to some extent overlapping and 
interdependent. The one involves the coloured silicates (the mafic 
constituents) and the other the felsic components. N. Bowen* 
represents them thus: 


FOftStEftlT£Cnw^C3 

OLlVIHC \ * WHTmre c) 

\ svtowmte 

PvnOKEKC ^ 

ENSTAflTt LAflRAOaniTE 

ORTrtO- \ / 

VwTPCftSTHeWE * 

* ANDESIHC 

UC -CA-CLSMOPTRCMCiiE / 

'ii OLICOCUASf 

AMPMI60LCS / 

\ ALBn'E 
etOTiTE 
or^oclase 
OUARTZ 


TabJ« showing diseonttnuoiu rractioii aeries [left-hand side) and contiiiuQiia 
reactiDD aedes of the pl^iocla» Jcldapars (right-haaid side]. {A/^ 

L. 


In the discontinuous series represented on the left-hand side of 
the table abovCj apart from accessories the first silicate minerals to 
appear are the oUvines^ and of thesei magnesiuni'riob precede 
iron'rich types.^ Their separatioii from the magma takes place at 
high temperatures. 

At a certain lower temperature these react with the magma and 
tend to be "made over'^ into magnesium-rich pyroxenes. These again 
are stable only over a limited temperature range and in turn tend 
to give p^ce to monodinic pyroxenes containing the Ca-bearing 
diopside molecule. So the changes suggested by the table continue. 

Meanwhile at high temperatures calcic plagiodase has crystal¬ 
lized^ and with falling temperature has reacted with the magmap 
changing its composition steadily towards the sodic pole—the albite 
end of the continuous seris* The interrelation of the two senes of 
changes is suggested by the fact that the conversion anorthite > 
albite releases CaAl^ while the change in the pyroxenes involves the 
addition of CaAl. 

Branunall directs attention to the continual increase in com- 


* Th4 of th4 Igneous RockSf p. 

* Bowen, N. L.^ and S^iairer, J. F., “TTie System Mg^l-FeO-SiOui Atiur. 
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plexity of the atomic stmctute in passing from olivine to biotite. In 
olivine the structure is as simple as possible^ the crystals being 
constructed of separated SiO^-tetrahedra, In the pyroxenes they are 
linked into chains; in the amphiboles they form bands: and in the 
micas they form extended sheets. The successive conversions involve 
abrupt changes in crystal atomic structure: each change is a passage 
from simple to oomplex.' 

THE LATER STAGES OF CBYSTALLIZAXION : HEUTERIC 

fhenohena 

Once we get down to the amphiboles and micas in Bowen's 
reaction scries, the complexity of composition makes experimental 
work almost impossible. This is true of all the hydroxyl-bearing 
silicates, and to those which have crystallixed from a fluid enriched 
in volatiles, or fugitive constituents. The very term "fugitive" 
impliesp as Sband meant it to do, that these constituents do not. in 
many casesp remain as part of the ultimate rock body. They may 
take part in several reactions and make others possible, and yet 
leave no trace of their passage. Thus it is necessary to face the task 
of interpreting an important part of the crystallization of an eruptive 
rock without knowledge of either the quality, the quantity or the 
ultimate whereabouts of the sgeuts involved. 

The important r^e of the fugitive constituents can be judged 
from the following facts. 

I. When voktiJe-rich magma is erupted at the surface as lava, 
the fugitives are enabled to escape rapidly, and in so doing they 
immediately increase the viscosity of the lava, whidi solidifles 
rapidlyp either as glasSp or as a cryptoerystalline aggregate. This 
rapid crystallization p coupled with the violent oxidation of escaping 
gases, accounts for the rise in temperature, amounting in some cases 
to a hundred or two degrees Centigrade, which is almost certainly 
responsible for the corrosion of previoudy formed phencciysts. The 
signihcance of the vesicular and amygdaloidai structure of certain 
lavas, and even minor intrusives that consolidated near the surface, 
is too obviouSp in this connection p to need stressing. 

2+ In some active volcanic regions there exist powerful reminders 
of the activities of fugitive constituents in the form of fumarolcSv 
which give ofi intermittent or continuous streams of gases p some of 
which form mineral deposits by sublimation. These volatiles also 
cause considerable alteration of the rocks surrounding the vent. 

From thb visible evidence provided by volcanic activity, we turn 
to consider the comparable effects produced in a deep-seated 

1 BranuniUL ''MinofAl Trau^OTmatiofiH aad their Equabans/’' £cien€€ 
Prep'tss^ No. IM, 
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environmefit. Here diirecl observatiou is impossible ^ but it is reasou- 
abk to infer the probable course of events. One of the chief difficulties 
is to decide whether the active solutions arise entirely as a residuum 
left over after the completion of orthomagmatic crystalliEation, or 
whether they have been derived from some extraneous source. Wb^ 
the active solutions are directly of magmatic origin, all change in 
mineral composition or in texture produced by them are termed 
deutedc^ This term was introduced by J. Sederholm,^ and may 
cover Cry'Sta]Ji 2 ation Or alteration phenomena appropriate to both 
the pegmatitic and the hydrothermal stages. In the second case the 
active solutions are derived usually from a la.ter mtrusionj and any 
modification they effect is distinguished as metasomatic, Not 
infrequently it h impossible to distinguish between deuteric ^d 
metasematic phenomena. We may thus be guilty of extending 
Sederholm’s most useful term beyond its original meaning. The very 
acid and the highly alkaline rocks are usually products of magmas 
rich in H,0 and other fugitive constituentSp and therefore tend to 
exhibit deuteric phenomena on an e>clensive scalej. and in a variety 
of ways. 

Since deuteric phenomena arise when the rock is very nearly 
solidified^ it is natural that they should consist to a large extent of 
veining and replacement of earlier formed minerals. Several of these 
late-stage replacernent phenomena are sufficiently distinctive 
importmt to have names of their own : albiti 2 ation> analcitixation 
and chloritlzation are among the more important examples^ while 
tourTnalinization and silicification might also be considered in thia 
i^tegory on occasion. 

The term albi Illation covers a wide range of phenomenap though 
in essence^ of course^ it is simply the p^ial or complete replacement 
of earlier formed plagioclaso or potassic feldspar by albite^ which is 
stable in the presence of volatile-rich^ lower temperature residual 
•elutions. At this point we cemsider only those asp<^ts of albitiia- 
tion which may legitimately be regarded as deuteric: we omit for 
the time being the widespread development of albite-rich rocks on 
a regional scale^ exemplified by the occurrence of rocks of the 
spihtic suite; and similarly the conversion of basic plagioclase into 
albite charged with inclusions of lime-rich mineralSp due to mild 
metamoTphism of the so-called regional type. Deuteric albitization, 
on the other hand» involves p at an early stage, the development of 
the less regular types of perthitic structure. The ^'patch-” and 
"injection-perthites'' are presumably formed m this way, by the 
action of residual solutions on ortbociase or microchne. In slightly 

* "On Synactetic MlaeTBls aad Hekted FhenomcoB/' BuiL Comm^ Gioi. 
FmloMdg, Ko. 48 p. ij4‘ 
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different ctrcumstances the atbite forms water-dear crystals inter¬ 
stitial to the minerals of earlier formation, or it may he deposited as a 
mantle around earlier feldspars. If the latter is orthodase or micto- 
dine, there wdl be a striking contrast in appearance between the 
core and the external zone of the crystals, and t his rapakivi slrudme 
may be obvious in hand-specimens. If the core consists of plagiodase, 
however, there may be an almost imperceptible gradation towards 
the outer albite rim. The result may be a zoned crystal, indistin¬ 
guishable from one produced by rapid cooling of an anhydrous melt. 
Thus there is no hard-and-fast dividing line between orthomagmatic 
and late-stage crystallizations: it is often impossible to say where 
one ettds and the other begins. In fact, the dbtinction between the 
two stages only becomes apparent if the deuteric minerals are of a 
different nature from those of earlier formation, and if the former 
demonstrably replace the latter, 

Analdte behaves in much the same manner as albite in many 
cases, especially as regards the veiuing and progressive replacement 
of feldspars. But, like all latc-stage minerals, it need not neces¬ 
sarily be repladvc, but may crystallize m the interstices between 
crystals of earlier formation. Wben this is the case, although the 
crystal boundaries may be plane, with no sign of oorrosiou or 
embayment, there is clear evidence of the chemical activity of the 
residual solutions from which the anakite crystallized, particularly 
when the surrounding crystals are pyroxenes. For example in 
tcschenites the pjTOxene is a typical lilac-coloured titanaugite 
except where it is in contact with such "pockets" of analdte: here it 
is rimmed with bright green aegiiine-augite. Thus analdte play's a 
dual rdle. That which occupies these interstitial areas must be 
regarded as the last of the primary minerals to crystallize out; but 
that which so clearly veins and replaces earlier feldspar crystals, is 
just as definitely secondary. 

This double role is also played by chlorfte. The severaj. member^ 
of the chlorite group may replace and pseudomorph oiUvines, 
pyroxenes, amphiboles and micas, generally with the development 
of a fibrous, and occasionally a spherulitie, habit. In certain rocks, 
however, pellucid grains of dilorite occur, bounded by crystal faces 
of the ^'ery minerals which dsewhere are replaced by it. Obviously 
such interstitial chlorite is primary—it has replaced nothing. Once 
again we are seeing the results of overlap between the final primary 
crystaUizatiou, and deuteric replacement. 

Because of their late-stage origin, there is a widespread tendency 
to ^ such minerals as chlorite and analdte secondary, whatever 
their mode of origin. The only logical use of this term, however, 
is to restrict it to minerals which demonstrably replace others of 
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earlier formation. If one of these late-stage rninerab has an inter¬ 
stitial mode of oocturence, there is no alternative to calling it primary 
unless^ of coursej. there are actual relics of an earlier imneral visible^ 

Two particularly interesting and much debated phenomena 
remain for consideration: they are (l) mterstitial micrograpbic 
intergrowth of alkali-feldspar and quartz occurring m certain basic 
rocks; and [2) the peculiar quartz-plagiodase intergrowthp known as 
myrmekitep w^hich is relatively common in add and intermediate 
rocks. 

In regard to the first p various hypotheses have been suggested to 
explain the intergrowth, which is commonly called mlcropegmatlte* 
Vogt^ daimed that micropegmatite results from the simultaneous 
crystallization of orthodase and quartz in eutectic proportions in 
residual solutions. Other workers have found evidence that similar 
$tTuctuTe5 arise from the introduction of alkalies and lime into 
highly siliceous rocks; that is. micropegmatite may result from the 
feldspathization of quartz.^ The converse process—sUkIfication of 
feldspar—has also been suggested as a further possibility. 

Both silidficatlon of feldspar and feldspathization of quartz 
undoubtedly form types of quartz-fddspar intergrowthp though it 
is doubtful if the resulting structures are as geometrically pmfect 
as those resulting from simultaneous crystallkation. In the case of 
interstitial micropegmatite, however* any replacement hypotheses 
appear to be untenable p since the intergrowths are moulded upon* 
and radiate from^ unaltered and euhedral feldspar crystals. In other 
words, the micropegmatite crysfallizeSp without any replaomentp 
from an interstitial residuum. 

Myrmeklte is quite different, both in composition and in mode 
of occurrence. It consists of lobate patches, often described as 
caulidower-Uke in form, of pkgioclasc riddled with small "ver- 
micules" of quartz. The lobes normally have grown on piagiodase 
mto microgline fFig. 80), Becket has estimated that the amount 
of quartz in the intergrowth increases as the host plagioclase becomes 
more basic. This fits in well with the hypothesis that the quartz b 
released as a result of the replacement of potassic feldspar (the 
formula of which may in this connection be represented by 
K,0.AljOj,6Si0a), by plagioclase which contains the anorthite 
componentp represented by CaO.AUOj^^SiOi. 

Besides releasing silica, this reaction would also release potasslim 
which is displaced by the incoming sodiutn and calcium ions. The 

^ "Tho PUy^icitJ CJn^mistry of CryatzlllicatioD Ma^matid D^ercfitiaitkoa 
of Igneous Hoclu/' J<mrn. zm (1^15). p. 245. 

^ Heyfloldj, D. L., "DeiBonatr^tlom m I^brogeneftn from Kilonu 
Colonsay/* Afm, Af^., V(,iv P- 3^7' 

J “tlhwMynnelut;" TfAtfm, Mm. Prij. MiM.,xxvu P 377' 
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potassium probably contributes to the formation of mita as a 
by-product of myrmekite forniation. 

lEe mtergrowths most abundant along plagiodasc-orthcKlasep 
or plagioclase-microcline boundaries, so that J* J. Sederholm* has 
suggested that the juxtaposition of these two contrasted feldspars 
is essential for the formation of myimckite. He calls such reaction 



FlC, Sfl 

Mjmncfcitc latejgnimttia of pIpL^loclA^e (with twianing inOicated] aud vermicU' 
hir qy^rtx tDb^k)K penetntiag naiciticlmi^ (stippled). Thfr Utter contain! 
two rounded bdeba of clear quartr. Dunclng Calm, Aberdeen. 


products formed between two neighbouring solid phases p syn^f^ric^ 
Almost certainly the necessary reagents migrate along intercrystal 
boundaries p and it is possible that they may not all be entirely 
deutcriCp for mjTmekite is often found in granite adjacent to later 
basic intrusions, and thus it may be partly of metasomatic origin. 

Myrmekite is just one of several phenomena which arise by 
intemetion between adjacent mineral grains. Corona structures^ 
which have a similar origin and are most commonly developed in 
the gabbroic rocks, are described in due course. 

1 **On Syiiust^tk Mtnermls and Related Phenumcim/^ RM/f. Comm. Gi^. 
Finlandt, Ko. 4^ (191^). P- ^ 5 ^ 
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CHAPTER I 


ROCK CLASSIFICATION AND NOMENCLATURE 
(i) Requirmenis of a Rock 

The omn purpose of rock da^dhcatioti is td provide a key for 
the identification of hand specimens. The unit of study is the hand- 
specimen^ which is to the petrologist what the Individual plant is to 
the botanist. The wider knowledge of the larger unit—the rock- 
body—follows after* and is completely dependent upon, the study 
of individual specimens: therefore the correct identificatioTi of the 
latter is the primary conaderation. Unifomiity of nomenclature is 
an essential basis of aU petrological researchp particularly that of a 
quantitative nature. A worker interested in the distribution oC say, 
basalts in time and space, is sadly frustrated if half the rocks he 
should take into consideration are disguised under other names* yet 
such is the case today* In one well-known text-book^ a table occurs 
showing the mineral composition of nine rocks which conform to 
the author's definition of "andesite*'; but of these, only one was so 
named by the petrologists who originally described and named them 
—the otliers all bore different names^ 

The trouble arises from the fact that man y of the commonest 
rock-names now in use are of considerable antiquity; they have 
been defined and redefined many times* and may be used in several 
different senses. 

There are several excellent schemes of classification in use today* 
and aU serve some useful purpose; but no one of them can be ex¬ 
pected to ^rve the needs of all petrologists^ for all purposes. A 
classification which may be wholly satlsfactoty for one purpose, may 
be quite inadequate for another. There is much to be said for estab¬ 
lishing (at least) two schemes: one to serve the needs of the student, 
the fidd geologist and the maker of geological maps; and the other 
for the petrological specialist. For the non-specialist it seems to us 
self-e\ddent that both classification and nomenclature must be 
based on the visible characters of the rocks^^n their mineral- 
content and texture.^ 

' Juhiuisuri, Dtscripfive PUfpgfapAy c/ tk 4 Ign£^yHS Recks, vel. iu (1937), 
p- 167, 

* Tht “fabric" of America jwtrqJiD^kt? is synonymous with onr 
both involve the latinute feUtionsbip bclwe^a the componenU of the roeX. 
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( 2 ) Classijlcaiion on a Chemical Basis: Ihe Nortn, 

It sbpiild be dearly uuder^tocxl* however, that mineral composi¬ 
tion is the visible expression of the even more fimdamental chemical 
constitution; while the texture is^ if properly studied^ a record of 
the cooling history of the rock. In some petrological studies the 
chemical aspects become of paramount importance^ while the actual 
mineral composition and textural qualities become of secondary 
importance. That is, the visible characters which give the rock 
distinctiveness in the hand-specimen and thin section become of less 
significance than chemical relationships deduced from a dose study 
of chemical analyses. In such studio a quantitative scheme of 
dnssification based on the chemistry of the rocks must be used. One 
such scheme, devised by four American petrologists, Cross, Iddings, 
Ptrsson and Washington (and therefore usually referred to as the 
"CIPW" classification*), is based upon the recasting of the chemical 
analysis from percentages of oxides, etc., into amounts of "standard 
minerals." This expression of the composition of a rock in terms of 
these largely hypothetical standard minerals is its norm* The 
advantages of such schemes are numerous: practice difficulties 
arising from the presence in the rock of natural glass or of material 
too finely cr^'^staUine to be resolved, are eliminated; the chemical 
affinities are dearly shown; the "pigeon-holing'' of the specimen is 
accurate and precise; while problems of namendature need not 
arise, for in such schemes a symbol, comparable with a chemical 
formula, can be used instead of a name. 

Since the norm is only another, and very instructive way of ex¬ 
pressing the diemical characteristics of a rock, it may appropriatdy 
be used when comparing rocks which^ though of dosdy simiUr 
chemical oomposition, consist of very di^ereut mineral assemblages, 
owing to differences in their cooling history. Before a solid phase can 
separate as a mineral species, the magma must become saturated 
with the appropriate chemical constituents. Other factors in addi¬ 
tion to composition, however, enter into the conditions of equili¬ 
brium, notably temperature and to a less extent, pressure. The 
concentration of volatile fluxes is a more m<^culable factor, but 
certainly exerts a oontrolliiig infiuence on the crystallization of 
many minerals. Solely on account of the conditions during cooling, 
then, a magma of a certain compo^tion may give rise to several 
distinct mineral assemblages. This phenomenon is known as hetero* 
morphism» Rapidly cooled rocks may be expected to show a 
mineral assemblage characteristic of high temperature crystalliza¬ 
tion; while a plutonite of deep-seated origin, on account of its slower 

* TAf ClasiifiaiSv^ q/ IffHMfS Racks, CMcifO, 
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cooling, ^ould consist o! an assemblage that bad attained equili¬ 
brium at a lower temperature. Obviously the nature of the research 
work and the particular aims in view will detennine whether the 
chemical similaritjes between two such rocks arc to be compared by 
Calculation of the norm^ or whether attention is to be concentrated 
on their contrasted modesp* which will betray something oI their 
cooling histories. 

As an illustration we may quote the case of hornblende.^ As 
shown abovc> there is a dose chemical relationship betwieen the 
amphiboles and pyroxenes, while the physical conditions that 
favour the crystalH^tion of the one^ often inhibit the formation of 
the other. More specihcally^ if the components of hornblende are 
availablep this mineral will appear in the rock only if the environ¬ 
ment is favourable: otherwise almost exactly the same components 
may appear as the pyroxenes augite and a Mg-rich orthopyroxene in 
association. Similarly^ if the chemical compositions are carefully 
compared it will be seen that the following cases of heleromorphism 
may be expected — 

Biotite and quartz may be represented by orthodase^ hypersthene 
(or olivine) and magnetite. 

Homblende-^augite and orthopyroxene. 

Homblende-^orthopyroxene, olivinep plagioclase. 

Augite-+calcic plagioclasCp olivine^ diopside* magnetite. 

Biotite ^ orthodasep homblende^leucite^ olivine, anorthitc and 
magnetite- 

Biotitep piagiodase-»-orthoclasej. nepheUne^ augite^ magnetite, 

Flagiodase (sadic]p olivine, diopside^nepheline^ homblendep 
plagioclase {calcic), 

Orthoclase, nepheline, augite-^Ieucite^ plagioclase^ melilite and 
ohvine, 

* One othtr matter arises in connection with the ^eolation of the 
norm. The results may be expressed by a symbol, and although the 
latter cannot remove the need for rock-names, it is in effect a concise 
statement of composition, and as such is far superior to most rc>ck- 
names* particularly the type of name which tells one nothing of the 
chemical or miner logical composition of the rock, but only suggests 
the name of the place where the original specimens were obtained. 
Rock-nomendature is overburdened with “jaenpirangites" and 
"'mariupolites.'" On the other hand it is not particularly inspiring to 
t^fer to a rock as XsMa{25)p and it would obviously be impe^bb to 

■ The mo 4 c b a quantitative statemeiit oi the actual mintiriil content of ttie 
nch. 

■ Kennedy, Vr\ Q,* "The InfluenEe of Chemical Faclm on the CiyatalJiH^ 

tion of Hontblende in Igneona AfjJii xxiv (i 03 S)< P- 2^3. 
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use such symbols on a geological map prepared for general nse; but 
to amyone familiar wLlh the excellent scheme devised by S. J. Shand,^ 
the symbol calls up a most conipreheiisive picture of the essential 
character of the ro^ as regards degree of crystaUizationp the rile of 
silica in it* its coloured minerals, the kinds of feldspar present and 
the ratio of light to dark minerals. Probably the greatest single 
advantage of a cheimcal dassiheation over a rnineralcgidal one is 
that all rocks of the sanie compositian are automatically put in the 
same category, even when the rock is glassy or too inely crystalline 
for the minerals to be detenninedi 

Thus, knowledge of one such quantitative scheme of dassiheation 
is essential m petrological research; but it is nattiral for the student 
and held geologist to put more faith in the actual mineral composi¬ 
tion—the modcH—of a rock, than in invisible relationships between 
hypothetical components. Therefore in the more elementary treat¬ 
ment developed in this book, although the importance of the chemi¬ 
cal background of the dassiheation is fully realised, emphasis is laid 
on the facts of mineral composition and texture. 

(3) The of Ftrceni^e in 

In previous editions of this “'Petrology'* the view was taken that 
as the essential minerals in the igneous rocks axe silicate^^ accom¬ 
panied in many cases by free (i.e.* unoombined) siBca, a main prop 
of the classification should be silica percentage. Three major cate¬ 
gories* ^'Acidp'" Intermediate'^ and '^Basic/* were defined in terms 
of stated ranges of silica percentage. This view can no longer be 
maintained. The terms and "Basic'^ in particular remain 

invaluable; but though they give expresrion to a purely chemical 
conception p through constant use they have come to acquire a much 
wider significance than was origInalLy implied. The tneaet obvious 
measure of acidity, but by no means the only one, is the qumrtr- 
oontent of a rock. But two rocks of identically the sameieihoa per¬ 
centage, and therefore of exactly the same degree of acidity, may 
differ fundamentally in mineral oDtnporition: one may contain more 
than the average amount of quartz for a typical gramte, while the 
other may oontain none. In other words, a topical granite {"Acid'*J 
may contain the same amount of silica as a typical syenite ("Inter¬ 
mediate'"^). No silica-percentage Hrnit can be chosen whicli will 
separate all Add from all Intemiediate rocks. This problem will be 
further oemsidered on a later page. In view of their undoubted use¬ 
fulness we retain the terms, but use them in a qualitative sense 

I Tkt Erupfivr RccAs, Londdn, p. 225. 

» Wellf, Ar K., ... in igueous-ixick Claitti£e&titifip'^ 

AfiM. Md^.p xxviii (1949^ P- 
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only—if used in a quantitative, chemical sense, they inevitably cut 
right across a mineralogical classification. 

The examination of thin sections suggests that a;rtain minerals 
are incompatible with quartz—they never occur in association with 
it, and presumably were incapable of forming in the presence of free 
silica. Common olivine (chr^^solite), leucite and nephdine are well- 
known instances. These conclusions have been amply confirmed by 
the experimental study of silicate melts. In 1913 Shand introduced 
the concept of silica-saturation^ which was made one of the main¬ 
stays of his scheme of classification.^ The whole of the Acid rocks 
are over*saturatedt in the sense of contalmng more than enough 
silica to saturate ah the bases present, the excess appearing as free 
quartz, either actual (modal) or potential (normative) in the case of 
rocks containing glasSi In addition to these« however, many rocks m 
the Intermediate and even Basic categories contain a little accessory 
quartz, and are therefore over-^saturated. It should be noted, there¬ 
fore, that "over-saturated” is not synonymous with "Acid." Again, 
although no "Add” rock can, by definition, be under*saturated, 
many "Intermediate” and "^ic” rocks show this quality by the 
presence of a feldspathoid acting as proxy to feldspar, or by the 
occurrence of olivine or certain unsaturaied accessory nunerak. 
This prindple also will be developed in due course. 

(4) Minerai ComposHion. 

Most igneous rocks consist of a small number of essential minerals 
—usually three to six. To these must be added a number, sometimes 
quite large, of accessory cQnstituents, which are only brought to 
light by careful systematic search. This involves crushing a quantity 
of the rock—the greater the quantity, the better the result—and 
separating the accessories from the predominant essential com¬ 
ponents by a technique that is essenti^y the same as that used in 


the examiiiation of a sedimentary' rock. The accessory minerals are 
usually of high specific gravity compared with the other components 
like quartz and feldspar, and advantage is taken of this fact to con¬ 
centrate and separate them from the latter. The granitic rocks seem 
to be richer in these accessories than the basic r«ks. Although 1 for 
example, the Daftmoof granite is a normal type' it yielded twenty 
different accessory minerals -when studied in this way;* 

By contrast some few rocks contain one essential mineral only, 
and in consequence are termed monomin^rnlic. The most widespread 
of these consists (so far as essentials are conoemed) of basic plagio- 

i Shand, S. J., "The Ptioc-ipEt of Satarstba In Pttmbgy/^ 

{1^1 Jh P- HO- See ftiBO ''Eruptive Hocks/' the svne mthqr, 

* BtammUl, A., wad Harwocad, H. F. *JWm atx 
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ckse only; but other monomineralic rocks consist wholly of such 
minerals as olivice, pyroxene or hombknde. Anorthosite (the basic 
pb^oclase rock) on the one hand and monomineralic nocks com¬ 
posed of a ferromagnesian mwieral on the other, represent the two 
extremes of colour variation in i^eous rocks. The division of 
minerals into two categories, light and dark, is a simple operation 
and the detenniiiation of the ratio of light to dark minerals present 
Ui any rock pro^ddes a possible factor in rock-classification. 

The light-cobured or felsic minerals include quartz* feldspars 
and feldspathoids- whde the dark or mafic minerals arc dominantly 
olivines, pyroxenes, amphiboleis and dark micaa. GeoeraUy speaking* 
the felsic minerals predominate in the more acid rocks p and the 
proportion of mafic minerals increases as the rodcs become mere 
basic. In this sense the ratio of Light to dark minerals has a consider¬ 
able petrologicaJ significance. Three terms are used to indicate this 
ratio: the rock may be leuco^aiic (light)* (or mesotype— 

meditim) or mffdfforrofvc [dark). To give the terms precision Shand 
has suggested the following divisions in his classification:— 

Leucocratic—carrying less than 30 per cent dark minerals; 

Mcsoeratic^-^carrying between 30 and 60 per cent dark minerals; 

Melanocratk—carrying over 60 per cent dark minerals. 

Apart from these arbitrary limits^ how'ever* it is very convenient 
to use Ui 4 co- and as prefixes before recognized rock-names to 

indicate rdaiive poorness or tidium in dark minerals. Thus leuco- 
granite and leuconorite are leuoocratic varieties of granite and 
norite respectively: but normal norite, a basic rock* is notably 
richer in dark minerals than normal granite. 

The percentage of dark minerals in a rock is termed its colour* 
lndex» and it is useful to measure this quantity whenever practicable. 
It is incorporated in the symbol quoted on p. 1S3 as (^5). The colour- 
index may be determined by measurement on a smoothed surface of 
the rock or in a thin section* or it may more accurately Tje derived 
by crushing the rc?ck and separating the "Tieavy minerals*" by means 
of bromoform or other heavy liquid. If this method is used, certain 
minerals which are light in colour, though of relatively high specific 
gravity^ will be inciuded with the genuinely dark minerals. To avoid 
complications these are included with the latter. Among them are 
topaz, audalusife and carundum^^ 

The use of feldspars In classIflcatlOD is no new principle: 
indeed they were so used by Ahich over a century ago, and most 
schemes devised since his time give some recognition to the dominant 
rhle of this group of silicates, though there is considerable difierence 
of opinion as to how th^ shoujd be used. The contrasts between 
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orthoclase and plafiDclase as regards crystalloigTapliic and optical 
characters are, as a nile, sufficiently striking as to make direct com¬ 
parison relatively easy^ As shown above {p. 86) albite has the same 
status as orthodase: it is of strictly analogous composition, but is 
itself the end-member of the plagiodase group. Actually albite plays 
a r6le different from that o| the other plagiodases* and the necessity 
for comparing the former with the latter seldom arises. But albite is 
olten most mtimately associated with orthoclase tn the form of 
perthitic or antiperthitic intergrowths^ which must be treated simply 
ms ^kedi-fdd^paT^ if microscopic evidence is to provide the basis of 
the classification. Thus in oux scheme, “alkali-feldspar” comprises 
the several forms of potassic feldspar^ the sodlc feldspar, albite^ and 
aH forms of intergrowths between them* This alkali-feldspar may 
legitimately be contrasted with plagiodase,^ excluding pure albite. 
Some petrologists consider that a tw'o-fold division made on this 
basis is adequate; but a higher degree of precision is achieved by 
distinguishing three series, charajtterizcd by alkali-feldspar to tbe 
extent of more than two-thirds, between two-thirds and one-third^ 
and lesg than one-third respectively^ of the total feldspar-content+ 
With coarse-grained rocks^ at least* it is little more difficult to 
measure the actual proportions with a sufficient degree of accuracy, 
than it is to determine which kind of feldspar is m excess of the 
other. In many cases an estimation by eye will give the desired 
result; but thk is impossible when dealing with a fine-grained rock, 
and there the only course open is to calculate the composition of the 
feldspars from an anal}fsis* 

(5) Mi^de of Occurrence as a Fador in Classification^ 

There is still mudi difference of opmion as to whether the igneous 
rocks should be divided into categories on the basis of mode of 
occurrence, or not. In thb connection it b necepary to stress the 
/act that suT dassification is one of rock-specimens, which^ like 
other natural objects* must be classified through their mherent 
chitracters—their mineral composition and texture. Mode of occur¬ 
rence in the field is, in this connection* of no significance whatsoever- 
Specimens of the same rock-type* completely identical in composi¬ 
tion and texture, may occur in dykes with "hj'pabyssal” mode of 
occurrence, or in lava flows, with an “extrusive” mode of occurrence. 
It is manifestly absurd to apply two different names to tbe same 
rock* but this inevitably hapi>ens when recognition is given to a 
hypab^rs^al group of rocks. But in point of fact, those who do so 
find it inexpedient to apply the principle systematically, for it is 
impracticable to define "hypabyssal^* and '^^plutonic in a scientific 
maimer. ITie latter is a useful gerjysral term that amvey^ a vague 
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iiapression of an mtnision of "maior*' status, that consolidated in a 
“deep-seated" enviiooineiit, under a “thick cover/' Ail these terms 
are comparative only: none of them is capable of precise delimita¬ 
tion—in fact nobody attempts the deUmitatiod, because'eveiy'body 
knows that it is impossible to say just how big or how deep-seated an 
intrusion must be before it graduates from the “hypabyssa]" to tbe 
"pltitonic" status. 

Classification cannot be based on vague impressions. From 
another angle, it seems neither reasonable nor sdentiflc to base 
dassification upon a feature, not of tbe rock-specimen itself, but of 
the nature of its environment. Knowledge of tbe mode of occurrence 
of a rock is often uncertain—it depends upon the interpretation of 
field evidence which may not be available. In such cases, and they 
are very numerous, the basis of classification does not erdst and 
therefore it is impossible to name the rock although all its inherent 
qualities may be perfectly displayed: all tbe data are there for 
naming the rock with any desired degree of accuracy. As an illustra¬ 
tion of the inconsistencies that inevitably result, it may be instruc¬ 
tive to consult an authority who at least pa^ Up service to the 
mode-of-occuirence principle. 

Johanssen classifies rocks primarily into three categories; (i) the 
Plutonites —those of plutonic habit, (3} the Hypabyssal rocks and 
( 3 ) the Extrusive rocks, and the criterion is supposed to be mode of 
occurrence. As a fact, however, theauthor< states “gabbros... occur 
as stocks, sills and dykes." Now gabbro is a plutonite. Therefore it 
must have a plutonic mode of oocurreoce only; bat sills and dykes 
are the most typical forms of hypabyssal intrusions. Thus, on 
Job anssen 's ovm showing gabbro occurs sometimes in plutonic, 
sometimes in hypabyssal, rock-masses. But when he makes this 
admission, what criterion, apart from the obvious mineralogical 
definition, had he in mind? It can only be coarsenessolgrain. Gabbr^ 
is distinctive only in so far as its mineral composition and texture 
(gi'am-size} render it difierent from other rocks: mode of occurrence 
makes no oontribution to diitinctiveness. 

Again, the same writer^ admits that there isnoreason why “dikes'’ 
or intruded sheets of basaltic compositian should not be called 
basalt dikes ■ , . for the mineral composttion is exactly the same 
and there may be no difiaence in texture." In other words, as we 
have claimed , provided that the rode consists of the appropriate 
mineral assemblage and is sufiKcientlyfine-grained, it is basalt whatever 
its mode of occurrence. Surely the logical conclusion must be that a 
national nomenclature cannot be based on mode of occurrence, 

' oj th* Itmtom Roeki. vqI. iit, p, 2 ai. 

HI, p, 36a, , , r 
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(6) Degree of Crysi^haiim. 

These difficulties and uncertainties—for the mode of oocurrenoe of 
a rock is, in many instance, uncertain^-are overcome if the degree 
of crystallization, or crystaHInityt is used instead as a basb of 
dassihcatlonp Three degrees of crystaUinity are dlstinguishedp and 
are dehned in terms of the average graia-$i^ of selected components. 
The limits have been chosen so that in each compositional series 
most specimens from major (plutonic) intrusions faE in the 
grained"’ category; most of those from minor (h3^byssal) intm- 
sions fall in the “medium'* grmip; while the majority of those with 
an extrusive mode of occurrenoe are classed as *^fine-firalned**^ By 
this careful choice of grain-sbe limitSp a dose correspondence may, 
in factp be achieved between the three grain-size groups and mode 
of occurrence in the fidd. This tadt recognition of the importance of 
the latter as a controlling infruence on cooling history, and therefore 
on texture, is lost if only two degrees of crystallinity arc distin- 
guishedn This two-fold division is used in Shand's dassificatiori, in 
which the hmit of unaided vision (aided by a simple lens for the 
myopic) is used to divide the wdJ-cr^tallinc (EueryttallJue) from 
the poorly crystalline (Dyscryatnlfiae) rocks. 

(7) “Cilaft” Concefd in Chssijtcnium. 

It has sometimes bean urged that the rocks ocoirring as lava 
flows and minor intrusions should be dealt with separately from 
those of j^utonic origin. The case for so doing rests on the bdiel that 
the conditions of formation are fundamentally different in the two 
cases. In farticular, whUe the former are demonstrably magmatic, 
the magmatic origin of some of the latter is suspect. This is to a 
large extent a matter of the interpretation of certain lines of evi¬ 
dence; and until we are more famUiar with ultimate origins, and 
understand more fully the true nature of magmas, it seems best to 
lipk together as members of the same Clan* aU those rocks which 
are closely ^ied in composition, regardless of textural variation 
and even possible differences in origin. The term “dan” was intro¬ 
duced by R. A. Daly to indnde a series of rocks, essentially ahkc in 
composition, though covering the whole range of grain-size or other 
textural variation. The name applied to the FamDy in the coarse 
grained group becomes the name of the Clan; thus amongst the chief 
ones are the Granite, Granodiorite, Syenite, Diorite and Gabbro 
Clans. The first two are separated from all the others by the essential 
rde of quartz. In the Acid and the Intermediate Clans, the variation 
in the kinds and amounts of feldspars provide the chief means of 
discrimination; and although this is to some extent true of the basic 
rocks also, in the latter the ferromagn^ian silicates play a more 
unportant part as they become quantitatively dominant, . 


CFAFTEH II 


THE ACID IGNEOUS RCX:KS 

This exceedingly important category comprises aH those rocks 
covered by the term "'igneous"* as defined above {p. 23 )> which 
contain quartz as an essential coostituent, to the extent of lo per 
cent or more. All textural variations are induded, from the ultra- 
coarse to the cryptocrystalihie and glassy. In the absence of pheno- 
crysts of quartz, the fine-grained and vitreous rocks can be judged 
on their content ol normative (as distinct from modal) quartz. 

After quartz, the most significant constituents as a rule are the 
fddspars, which arc used to group the Add Igneous Rocks into 
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three dans, according to the ratio of alkali-feldspar to plagioclase, 
excluding albite. In the initial stages of classification we group 
together as alkali-feldspar the potassic orthoclase, microdine and 
sanidine, with the sodic albite and the perthites. As alkali-feldspar 
and plagiodase may be present in all proportions, the subdivision 
must be made on an arbitrary basis. The chosen proportions are 
indicated in the appended table. The three clans so defined take the 
names of the coarse-grained membeTS in each case. 

The oejarse-grained rocks of all three clans are ccmveniently 
grouped together as ^'granites."" When the term ""granite'' is used 
without any qualifying adjective, it signifies a rock of the appro¬ 
priate coarse texture, composed essentially of quartz, feldspar and 
mica. SpnUar wide terms co^erlag aU the add rocks in the medium 
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and fine-grained categories "microgranite*'^ and "^'rhyolite” 
respectively. \Mien it is desired to identify the rode more preciselyp 
due consideration roust be given to the Idnd (or kinds] of feldspar 
present, and it becomes possible to apply the more $pedal terms 
shown in the table. 

In the account which follows^ we describe first the coarso-grained 
rocks in all three clans, then those of medium grain, and finally their 
fine-grained equivalents. 

THE GRAI^ITES 

(l) THE ALKALI GRANITES 

It is possible to effect further subdivision after study of the 
dominant alkali-fddspar: with orthoda$e, microdiiie or sanidbe in 
excess over albite, the rock is said to be potassic. Conversely* with 
albite in excess, the rock is sodic. 

The Fotflssic Granites. 

Apart from their allotted quota of quarti, dominant alkali-feldspar 
with or without subordinate plagiocl^, potassic gr^ites vary con¬ 
siderably in the kinds and amoimts of coloured silicates present. 
Commonly the latter is biotite, often in dose association with 
muscovite. This is consistent^ of course* with the high content of 
potash fKaO) and alumina {MJO^ shown in the analy^s of such 
types. Hornblende Is not common in alkali-granites, while augite is 
unknown m these rocks. Orthopyroxene (hjrpersthene) does occur* 
however, in the curious and rather problematical type, chamockite, 
described more fully below. In the normal potassic granites quar^ 
averages as per cent of the whole, and is notably subordinate in 
amount to the alkali-feldspar. The amount of coloured silicate is 
small: indeed, many granites of this type are leucogranJteSi^ with 
a colour index of 5 Or less. The relationship of the quartz to the 
fddspar vafies in different specimens. It may be interstitial and 
bounded by the plane surfaces of surrounding feldspars; or it may 
be lobed into them in a manner suggesting a repladve relationship 
(Fig. 81 j. When microdine is jaresent some of the quartz occurs as 
rounded grains embedded in the feldspar , but much of it is of later 
formation than the microdine. Fiu^y, some quartz commonly 

* A. BfAm mal] haa de&cribed iACte? oi tlic Dartjnoor irom Witti.- 

barrow, in which feldspar cent) and quai^ (16 per cr^t) mate up 

pA ccat oi the whole roct: the colour index is only A similar rock 
Wit named oliskite by Sp urr (i g«j), while E. B. Bailey has the ward 

aplogranite for others in the same general category- In mineral composition 
these light-coloured granites resemble aplites isce p. 107}; but they difler 
from the Latter in texture and mode of eccnrrencep and a better name, con- 
veyiDg no implications oJ origin^ is leucq^ra^te. ^ 


AHALVS££ or ALKALi-GRAmTES, 
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occurs in these rocks in the form of "vermictiles'* embedded in 
pUgiodase. forming the intergrowth known as myrtnekite (Fig. 8o). 
Many of the larger areas of quartz in thin sections of granites of all 
kinds are seen to be aggregates of grains, sutured together, and of 
random orientation. 

The alkali-feldspar in these rocks may be orthoclase or microcline 
or microperthite, and as we have seen, may be associated with a 
sodic plagioclasep usually within the oligoclase range of composition. 



FEG. Se 

P^UAsic leucognjute, Mt. CX 

{R^pmducfd by ptrmh^ian a/ ih§ tks 

In many hand-specimens, the former is a shade of pink, while the 
latter b white; bat there are grey granites in which either or both 
may be off-white. In thin section the tivo kinds of feldspar may 
usually be distinguished by differences in the degree of alteration 
(see, for example* Fig. 87); but in perfectly fresh specimens reliance 
may be placed on the differences in refractive indices* even when the 
more obvious differences in twinning fail. Again there may be a 
marked difference in habit between the alkali-feldspar and the 
plagiodase, which becomes more important in the types richer in 
plagioclasep considered below^ The feldspars in these alkali-granites 
seem particularly subject to alteration by deuteric or pneumatolytic 

c 
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processes. Commonly small flecks of sericite in potassiCp or para- 
gonite in sodic feldspars appear, sometimes aligned parallel to the 
cleavages; while dense aggregates of kaolinite doud the feldspar 
and may render it partially or even wholly opaque in thin section. 
In addition to the secondary white mica which replaces feldspar, 
primaiy^ muscoite may also occur, perfectly fresh on account of its 
chemical stability, and in dose association with biotite, which is 
penetrated by, and wraps round the white mica. The Wotite is a 
strongly pleochroic variety: it may vary from deep sepia or red- 
brown to straw yellow. It may show any degree of alteration into 
chlorite, which appears first along the deavages, but may spread so 
as to pseudomorph the mica completely. Usually little can be seen 
of the accessory minerals in granites in thin sections, though many 
may be obtained by crushing and separation. However, the biotite 
may show pleochroic haloes, looking like ink-blots on the section, 
often in extraordinary numbers. In central sections through these^ 
the cause of the bak^a minute zircon crystal—will be seen. Iron- 
ores are usually present, but only in small amouut compared with 
almost every other type of igneous rock. 

Examples of such alkah-grarutes are found among the Annoiican 
masses of south-western England; but it mu$t be noted that gr^ites 
of extreme composition, whether potassic or sodic, are rare: most 
spedmens are mixed^—they are either sodi-potassic or pota$si- 
sodic. 

A distinctive type which falls in this category is cfaarnockite^ 
described origmaUy from a locality in Madras.* The type rock con¬ 
tains quartz 40, microcline 48, oligodase 6, hypersthene 3, biotite r* 
and magnetite 2 per cent. In hand spedmens the quarts appears 
bluish, while in thin section it is seen to be charg^ with extra¬ 
ordinary numbers of minute acicular crystals, identified as rutile p 
occurring in hundreds of thousands per cubic centimetre. Apart 
from tbiSp the outstanding feature is the occurrence o# distiuctfy 
pleochroic hypersthene. This links chamockite with a senes of 
h3q>ersthene-bearing rocks of varying composition—the chamockite 
series—known to occur in India and Uganda.* 

The fundamental difference in the nature of the coloured mineral 
content between chamockite and a normal potassic granite reflects 
a difierenee in chemical composition. The presence of muscovite 
particularly^ and of biotite in lesser degree> indicates a high content 
of K and Al, in excess of the requirements of the feldspars. Such 

1 Holland, Tr H., "'The Chiuiioclute Stri« . . Mm. G^&l. Surv., India, 
1900, part 11 , p. and Eao B. Rama. .SnJIJ. Mysort No. iB 

(i 945 J* 

^ CmvnA, A. W., ''Tlic Cbvnockite Seriea ol Uganda.'' Qnar. Jufum. GtcL 
&if.pxci (1935), P-150- . . 
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rcKks are tenned peralammous by Shand. By contxast diamocldte is 
an eJtajnpk of a type (Shand] for there is no excess A1 

or alkalies, and therefore no mica. 

The So6ic Granltea. 

True sodic granites are rare, hut when they do occur* are found to 
be very distinctive rocks, particularly as regards their coloured 
silicates, Inst^ of the micas, hornblende or orthopyroxene* these 
rocks contain a sodium-iron pyroxene, usually aegirine, often 
associated with one of the strongly coloured ampbiboles of like (Xam- 
position. Of the latter riebeckite is the cominonest. Both types of 
mincrai arc non-aluminousH but rich in alkali and iron. Th^ rocks 
therefore stand in direct contrast to the peraluminous types, and 
are aptly termed p^alkaline (Shand). Typical examples of these 
rocks occur in plutonic complexes in Nigeria, one of these farming 
the Kudaru Hills,' where the dominant typ« is a coarse-gtamed 
riebeckite-granite with the following composition: quartz 3S* micro- 
perthitic feldspars 58 and riebcckite 4 per cent. Nearer to hand* 
peralkaline granites build the islet of Rockall* in the North Atlantic, 
the dominant type being one carrying both aegiiine and riebeckite. 
A mclanocratic fades has been called rockallite* in which the colour- 
index is very high for granitic rocks—39; the feldspar is albite, 23, 
while the quartz totals 38 per cent. 

As defined above, sodic granites are not necessaiily perahcalme: 
with rather more A 1 and less Fe, a type occurs which is no less 
strongly sodic, but is more ordinary in its coloured mineral content. 
In such rocks the whole of the Na is locked up in the feldspar, 
w-hich, by definition, may be albite, but is commonly either micro- 
perthite, antiperthite, or cryptoperthite. These arc the dominant 
components, associated, of course, with the requ^ite amount of 
(quartz, with biotite and the usual aocessones, 

« 

(z) THE AUAMELIITES 

In this category are induded those granitic rocks in which Ca- 
beaiing plagioclase accompanies a potasde feldspar in approximately 
equal amounts: neither the potasde feldspar nor the plagiodase may 
exceed two-thirds of the total feldspar present. Thus, compared 
with the alkali-granites, adamellites are distincti%'e through the 
increasing importance of Ca-atonis in the feldspar. Generally the 
plagioclase lies within the ollgodase range, but may be andesine. 
The essential quartz, potassk feldspar and plagioclase are accom* 

■ Bain, A. D. K., "The Y-oun^er Intrusive Kocks of the Kndarn Hills, 
Nijferift/'' Qnar. JendtTt. C^. Sx.^ XC (1954), p. 201. 

* TyrreU, G. W.. "The Pttr&logy of Ctal. Ixi (191^. p. 19. 


196 TKE PETROLOGY OF THE IGNEOUS ROCKS 

paiiied by biotite in soirte adamellites^ but by biotite and common 
hornblende in others. In the definition no limitation is placed upon 
the content of dark minerals; but as a rule the oolour-mdex is ra^er 
higher than in alkah-granitc, but lower than in granodiorites. 

The name adamellite was originally suggested for a type now 
distinguished as tonalite, but was red^ned by Brbgger (1895) in 
substantially the sense in which we use it here. The type locality is 
the AdameUo Complex in the Tyrol; but adameUite is a widely 
distributed type, though often referred to merely as biotite-granite 
or biotite-homblende-granite. A well-known British example occurs 
at Shap Fell* in Westmorland. Part of the complex consists of a 
particularly handsome rock characterized by numbers of large pink¬ 
ish phenocrysts of orthodase^ embedded in a granular aggregate of 
white oligoclase, quam and biotite. Micrometric analysis^ shows 
thb adamellite to contam approximately quartz 24, orihoclase 36, 
oligoclase 34 and biotite 6 per cent. 

It may be noted that the Intermediate equivalents of adamcUites 
are monsonites, which differ chiefly in being quartz-free, or contain 
only subordinate amounts of this imneral. Some petrologists there¬ 
fore use the term "quartz-monzonite” for adamellite. 

(3) THE GRANODIORITES 

Of all the coarse-grained granitic rocks, those which fall in this 
category are quaiititatively the most important; indeed though only 
one division of the Add igneous rockSp they are far more wide¬ 
spread than all the coarse-grained members of the Intermediate and 
Basic Clus combined. In existing recordSp however^ care must be 
taken to see the exact sense in which the name is being used—usage 
is varied^ and there is a good dcsl of oonfusiou as between gmno- 
diorite, tonalite, quartz^mica diorite and adamellite. In all of these 
\ype& plagioclase is a significant component: but it is of equal states 
with alkaii-feldsf^ in adamellite, while it is dominant, to the extent 
of at least two-thirds of the total feldspar, in the other types named. 
^Tiile granodiorite is Acid, howevcTp tonahte and quartz-mica 
diorite are of Intennediate composition: th<^ coutaUi quartz only as 
an a££^sofy, not as an essential component. 

Granodioritos, then, are coarse-grained igneous rocks ciontainmg 
essential quartz (more than 10 per cent), with plagioclase dominant, 
though alkali-feldspar may occur* but must not exceed one-tMrd of 
the total feldspar content. These fdsio minerals are accompanied by 
a vaiying proportiou of coloured silicates and accessori^, of which 

* Onuithuii, D. R., ''Petrology of tho Sliap Cmoite," Piw. C§ol. 
aatjcix {rjaSh p. 299. 

■ A., F£iri3§Tmpki& CaicuMi&HSt 19 a r, pp, 
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biotite and hornblende are almost coitstantly present in the former, 
and sphene, apatite and magnetite in the latter category. 

This is almost exactly the original sense in which the name was 
first used (Becker, iSgz, in conjunction with H, \V. Turner* and W. 
Lindgren^} as applied to certain rocks ol the Sieira Nevada range. 
Thus defined, granodtorite transgresses the sOica-percentage boiui' 
dary formerly used to separate the Acid from the Intermediate 
igneous rocks. There are as many granodiorites with less than 66 
per cent, as there are with more than this amount of total silica. 
The centre point of the family would average 66 to 67 per cent total 
silica, and of this about 22 per cent is quartz. There is a perfect 
gradation into tonalite, which differs only in the subordination of 
quarts, 

Granodiorites in which alkali-feldspar is completely (or almost 
completely) suppressed, have been tenned trondhjemites [Gold- 
schmidt, 1916), and consist of plagiodase of the appropriate range 
of composition for granodioiitic rocks—oligodase to andesme—' 
together with quarts and small quantities of biotite, sometimes 
proxied by hornblende or pyroxene. With an average SiO, per¬ 
centage of over 70, and 20 to 30 per cent of quartz, it is appropriate 
to include them in this category, but there is httle justification for 
disguising them under this generic name: they Me merely orthodase* 
free granodiorites, and in mineral composition are very dose to 
quart2-rich tonaiites. 

Many loo^dy named "'homblende-biotitc granites** are grano¬ 
diorites. As an example we may quote the Mouutsorrel intrusion 
from Chamwood Forest, Leicestershire.^ The major part of this 
intrusion is gradodiorite contain mg. On average, quartz 22*6, alkali- 
feldspar 19-7, plagiodase 46-8, biotite 5^8, hornblende 2-9, and 
magnetite 2*2 per cent* Similar types occur also among the Cale¬ 
donian and Devonian ^anitic complexes of the Highlands and 
3 >uthem IJplands of Scotland, as in the Moor of Rannoch and Beu 
Cruachan complexes. The average composition of the recently- 
described granodiorites from the Garabal HiU-Glen Fyue complex* 
is all but identical with the Mountsorrel rock quoted above, but 
there are striking textural differences: the Scottish type indudes 
strongly porphyritic varieties^ in which the phenocr^^sts consist of 
alkali-feldspar (microcline-microperthite) while pla^odase forms 

* fioclcs ol tht Sierra Nev^ada,'^ 14/A Ann^ Rfp. U.S^ C^al. 5 wiv., 
FP- 478 

■ Sri.* 1S97, p. 363. 

I Rictmrdson, A. W,, *"A. Ificroinetric AivUym of the St, Austell Granite/* 
fiiMJF. Joum, Gsol. bcKii ( 1 ^ 23 ), P- 554- 

* N^ockplds, S. R.p '*TUe Cajibal HiU-Gleii Fyne Igii«ouf Complex*'' Qmr. 

/osmt, GmI, acevi 1940), p. 431. 

* * ■ 
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subhedraJ grains, usually zoned, and associated with the quartZp 
hornblende, mica and prominent pale bmwn sphene. 


THE TEXTURES OF GHANIT^S 

The term "granitic** used in a textural sense imples no more than 
that the rock concerned is granular, 1^., like a granite, T3rpicallyp 
none of the itia)or constituents is bounded by crystal faces: their 
shapes have been determined by mutual interfer^ce during growth. 
This most typical of the wide range of granitic textures is sometimes 
termed ''xcnomorphic granular/' It sometimes happens that the 
feldspars tend to exhibit crystal faceSp though the quart!^ is again 
shapdes5< For this variant p the term "h>pidiomorphic grantilaj" 
may be used. 

The handsomest granites are undoubtedly the porphyrltlc t3^pes 
in which phenocrysts of whjte> grey or red feldspar occur embedded 
in a groundmass that may be identical in texture with an ordinary 
aphytic granite. The phenocrysts may be strongly zoned, and attain 
in some cases among the West of England granites to 7 in, by 5 in.p 
measured on the side-pinacoid faces. They frequently lie in parallel 
orientation and thus provide significant data in structural studies of 
granitic rock-bodies. Instances of such granites have already been 
mentioned in the foregoing account. In Britain the Shap adamellite 
and the porphyritic variety of the Garabal Hill-^len Fjme grano- 
diorite are good examples; but the most striking specimens are 
obtained from the ""giant granite"* from Dartmoor, 

The great majority of granites may be referred to one or other of 
these two main textural types. There remain for consideration 
certain varieties which call for more detailed consideration. Orbicular 
granites^ consist of **orbs"" of v'arious sizes—they may measure 
several inches in diameter—embedded in a matrix of uonnal granitic 
t^fkturc. Thf "orbs** are, in fact* variously shaped, and far more 
distinctive than their shapes is the extraordinaTy rh5dhin.ic banding 
ivhich they exhibit (Fig. Sz). Each of these bodies contains a core 
which in some Instances is of the same composition as the matrix in 
which they arc embeddedp but in other cases it is completely dif¬ 
ferent. Again* although the texture of the matrix is sometimes 
normal granitic, it may show a continuation of the successional 
crystallization of the component minerals, in the sense that the 
interspaces between the orbs arc filled largely with feldspar, but 
with mica (biotite) in the centre, representing the last mineral to 

* Johmmsen, A,, Dtsmfftiv* PtSrograpky 0/voi. ill, p. z^S. 
particuUily the pttatogivpl^ at a range of difereut typra of orbkular 
gnmJtcg, 
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crystaUizc, Most specimens $o far described occur in Fi nlat idj ^d 
scene of them are objects of outsiandiiig petrologic^ interest. Much 
has been written concerning the significance of orbicular structure. 
Nuclei appear to be essential, and may be either xenoliths of wall- 
rock or cognate xenoliths of granite, i.i., materiaJ of early consoli- 



no. Sa 

Oitkulu gnnite, FinJaud. x | 

^ A. K. WfOihrrhead. 


dation broken up by, and incorporated in^ Inter granitic magma. 
The Tnagma may have been highly viscous, and diffusion osnse- 
quently slow. This would favour succcsslonal rhythmic crystalliza¬ 
tion around the nuclei. 

The npaklvl texture also was originally described from Finnish 

S^erholnaK J. "‘On Orhknlai- Craiiifces . . BmIL C™. Gioi. 
Ko. 83, ^ , 
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granites. In typicd specimens large Se^-colonred potassic feldspars 
occur as rounded crystals a few centimeters in diameter, and are 
mantled with white sodic plagioclase. These feldspars are embedded 
in a matrix of normal texture, but consisting chiedy of quartz and 
coloured minerals. Recently the term *'rapakivi” has been applied to 
granites and even granite-porphyries which csotain phenocrysts of 
reddish orthoclase with narrow mantles of whitish sodic feldspar^ 
for example, some facies of the Shap, Dartmoor and Jersey granites 
and associated minor intrusions. It b customary in these days to 
regard pbenocrysts with suspicion — the possibility that they origi¬ 
nated elsewhere than in the magma represented by the matrix in 
which they are now embedded, must he given due consideration. 
With the genuine Finnbh rapakivi granites this may well have been 
the case, for the rounded form of the "phenocrysts’^' suggests mag¬ 
matic corrosion. Thb would contribute material for a second genera¬ 
tion of orthoclase p but if the magma were saturated with the com¬ 
ponents of albite, it would natur^y be deposited upon the rounded 
remnants^ of the phenocrysts, forming the characteristic white rim. 

The graphic or njEiJc texture is one of the most dbtinctive 
shown by granitic rocks, and b particularly characteristic of the 
pegmatitic facies. Both terms have reference to the marked resem¬ 
blance of the small quarts "“hieroglyphs'" to Runic characters, which 
show up dearly gainst the background of microdine in which they 
are embedded (Fig. 83)* Thb texture b considered more fully under 
the heading "pegmatites” below. 

FioaUy, some granites contain small irregular cavities lined with 
weU-terminated crystals of the normal constituents of the rock, 
accompanied by some of the rarer acc^sories. Such granites are said 
to be mlarolicJc. In Britain the granites of the Moume Mountains, 
in Ireland and Lundy Island ofi the Somerset coast provide typical 
s^imens. Smoky quarUes, well-tenninated feldspars, "books” of 
white micapas well as rarer ap&tite and topaz crystals occur in the 
manner described. Again there is a hnk with pegmatites, for the 
most likely cause of the phenomenon b the exbtenoe in the magma 
of -"pockets"" of gas which induded the Suorine sealed up in the 
white mica, topaz and apatite (see p. 202). 

GHANITE-PEGMATITES ANO APLITES 

The rocks we have studied so far represent the major portion of 
the granite magma: the final residuum of large intrusions b naturally 
rich in the fugitive constituents of the magma, and by the freezing 
of this residuum, rocks are pnxluced which differ markedly in both 
rmneraJ composition and texture from the normal granite. In tex¬ 
ture they fall into two contrasted types; the first of relativel;3j coarse 
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grain; the second relatively fine. The fonner are the granite-pegma¬ 
tites, and the latter granite-apUtes. 

Granite Pegmatites. 

Few rocks axe so well endowed with the power of capturing the 
imagination as the pegmatites. They are extremely coarse-grained 
and contain not only the world's largest crystals, but also the 
choicest mineral spedmens. Further, the pegmatites ate of con¬ 
siderable economic importance, since they are formed by the crystal- 



SkeCcti of Kind speeimen cf mnitc f^phie granite). MicTodine plaio: quartz 
hieroglyphs in black, showing shap^ controlled by three direction^ in the 
host-fliinem. Nairntti siu. 

fixation of residual solutions m which there is often a marked con¬ 
centration of rare elements. * 

The place that the pegmatite fluids hold in the cooliug history of 
a granite mass, has already been mentioned (p, 164). That the main 
part of the ciystalfization is completed before the formation of the 
peginatitic residuum is obvious from the relationship between peg- 
nvatitic bodies and the main granite masses with which they are 
associated. Most pegmatites occur in the form of Irregular segrega- 
tionSi veins or small dykes or sills, which are especially abundant in 
the marginal parts of the parent granite, or in the country rock sur¬ 
rounding it, though some pegmatite veins occur at a distance from 
the main intrusion, and appear to have no visible connection with it.^ 

p Anderwp, OlflJ, ''Dimiuion ot Certain FIulus ot the Gennis of Peg¬ 
matite Cesi. Jiddikr.^ yo1.i.xii p. i. 
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Pegmatite dykes do not, hamver, fonn an invariable part of all 
exposed granite masses^ for although most of the btter cootain 
occasional tdtta-coarse-graincd schlieren or clots* some are asso¬ 
ciated with a profusion of pegmatitic veins and dykes. The Pre- 
Cambrian granites seem particularly well endowed m this respect; 
but pegmatites are very poorly represented in association with many 
granites of kter periods, for example, the great graniric batholiths of 
the Andes. In many instances the pegmatite dykes run conformably 
with the strike of the country rodtp and in such abundance as to 
simulate a dyke'Swam.^ Pegmatites are characteristic of regions of 
eompre^ion, not of tension, as is the case with true dykes. Further, 
unlike true dyk^, the pegmatite are normally quite short, irregrdar 
in form, and rarely parallel-aided. The extent to which pegmatites 
are formed by in sim replacement remains an open question. 

Mi?ieral CemposUion. 

Alkah-feldspar is the dominant constituent of aU granitic pegma¬ 
tites. In those classified as simple pegmaiitea it is generally 
microcline-microperthite,. associated with quartz and white mica. 
Among the abundant and varied accessory minerals ^e those nor¬ 
mally occurring in granite^ together with others which arc often 
regarded as ’‘pneumatolytic."" such as tourrualirie, topaz, the fluorine- 
bearing mineraJs and various ores. 

Less commonly pegmatites consist of a much more varied mineral 
assemblage. In these complex pegmatZtea albite* or clevelandite, 
is an important constituent, often exceechng microcUne in amount, 
and is accompanied by a suite of hthium-bearing minerals including 
red and green parti-coloured tourmalines, spodumene and li th ia- 
micas such as lepidomelane, Hthionitep etc. The special interest 
attaching to the complex pegmatites is discussed below, under the 
heading "paragenesb,” 

'fextur^ Fiviium, 

One of the most characteristic features of granite-p^pnatites is 
the development of the graphic or nmlc texture* resulting from the 
close intergrowth of feldspar — generally microdine-microperthite 
and quarts^. It was to this structure that Haiiy originally apphed the 
term "pegmatite," although in later years this has given place to 
"graphic granite" or "runite."^ 

Graphic granite presents many striking features and as many 

* S«, for eiample, the ac£:oy.iit eiven by T. W, Gev«ra aad H. T. FruRiciurze, 
"The Til--bearing Pegmatites Of the Erango Area, S.W, Africa." 

S. Africa. XKxii ([929J. p, iti. 

' Hahy'j Qngmal tenx] ha* aiiTvived, however, in " mieropeginatite," which 

a comparable structure, though od a finer scale, seen in the mterstitlal quarti- 
feldapar inte r gro w th in certain quaxtz^gfbb^ps and quarU-dolerttes. ^ 
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problems. In the most re^xilar examples the quartz takes the form 
of sub-paralleL elongated prisms which pass through the feldspar, 
and present the characteristic hexagonal cross-sectiousp often flat¬ 
tened and distorted in the manner of ordinary quam crystalSp of 
course. Fersmann has shown that the vertical axes of the quartz 
crystals are so inclined as to make an migle of approTomately 70“ 
with the vertical axis of the host feldspar. However, other inv^tiga- 
tors have been unable to conflrm this regularity suggested by "Fers- 
mann's Law/' Apart from their attitude, it has been found that the 
proportion of quartz to feldspar is fairly constant p at about 30 to 70 
per cent. These various features strongly suggest that the structure 
results from the crystallization of a eutectic or ootectic mixture of 
the two tomponents. Despite this, however, origin by replacement 
of the feldspar by quartz has been urged by certain American 
authors^^ 

The most strilriiig textural feature of pegmatites b tbeir extra¬ 
ordinary coarseness of gram. Impressive examples are aflorded by a 
beryl crystal 19 feet, and a spodumene 47 feet long, associated with 
microcline-perthites several feet through, discovered in a pegmatite 
at Keystone, in the Black HiUs. South Dakota, The growth of such 
large crystals must result primarily from the very low viscosity of the 
pegmatitic fluid, caused by the presence in it of abundant fluorine, 
magmatic water and other substances of low atomic and molecular 
weights, T. Quirke and H. Kremeis^ have suggested that the move¬ 
ment of fluid of constantly varying concentration and temperaturie 
through the interstice of the crystallizing pegmatite may be an 
important contributory factor in building up Large crystals: a con¬ 
stantly lepLeni^ed mother liquor could, in this way^ laigely surround 
each growing crystal Ooca^ouaUy, however, detaib of crystallization 
indicate that once a pegmatitic residuum has accumulated, it has 
remained static until crystallization has been completed. The Comish 
pegmatite Hiustiated m Fig, 84 shows the growth of crysl^als, uiclu 3 l- 
ing thin acicul^ tourmalmes, perpendicular to the roof of the sill-like 
intrusion from which the specimen was collected, and it is dlfScult to 
ima^ne the growth of such crystals in anything other than an 
undisturbed medium. 

The fw^en€sis or order of crystallization of the several consti¬ 
tuents has been worked out in full detail for a large number of peg¬ 
matites. It is usually found that intergrown quartz and alkali- 
feldspar (graphic granite) heads the list. The subsequent course of 
mineral deposition appears to be controlled by the gradual passage 

* Schalier, W., "Mideiral Rcplaecments in Ffegmmtitea/' Mi».> *ii 

p. 59; alsa WahbtTQm. E., "Gnphk Am^. JWm.* %xiv 

WJ®). P 

• '’Pegmatite CiTitaIltiatkro/^.^!Pi^. 3cxviu p. 571+ 
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of solutions oI ^^nrying composition through the "pegmatitic thor¬ 
oughfare.*^ These hom time to time are liable to ^ecl changes in 
composition and te3ctuial relationships between the original com- 

<- to cm -^ 





FIG. S4 

Dka^raTn of b!ock oC gmnite pegmatite staowing the arrangement of crystHls 
developed pcipenditular to the roof of the sill, Porthle^eD ^ CornwiOl. 
Toum^ine cr>'3tBij, blacky mica, shaded: quarts, rtippled; Bud pertbite^ 
blank. Koof rock is tomm^iiiiDed aliBle. 


ponents. In this way the albite {clevelandite) of the complex pe^a- 
tites is produced at the expense of the earlier microcliiie-micro- 
perthite,* Striking replacement textures between these two minerals 
* Schallet, W,, 'The Genesb ot lithium Pegmatites/' jfmer, Jouwn. Sci., 

* (1925b P. 269. * , 

















2 <A the petrology of the igneous rocks 



are so frequently observed that the mecbanLEm ol tMs type of 
albitization is beyond question. 

When the migrating solutions dissdvc previously formed minerals 
faster than they deposit new ones, open cavities or vugs may result. 
These are often lined with fine crystals nf smoky quart^p adulariai 
develandite, etc., and with bydrothermal incrustations. The quartz 
crystals in these cavities are in some cases continuous with the 


KC. 05 

Giazkite-pegmitite ffom pf^matite-aplite siU, an o^^ahoot of tbe 
Godo^phin grmnite, PorthleveD^ CorawaJl. 

From the npp^r part ot the spedmea shown in S4, ^ 

Zon^ tourmnlioEs (heavy stipple] j ortbodue (light stipple): iiuKovit* 
Hiaed): qoutz (blnnk). 

quartz rods in surrounding graphic granite. The quartz crystals 
which grew freely into the cavities are of the alpha-type* while the 
intergrown rods show signs of having inverted from the beta-qnarU 
type. In other words, during the growth of the quartz rods towards 
the vugSp the temperature fell below the inversion point at which 
high- is Converted Into low-temperattire quartz: i.^.^ at about 
575* C. Thus for once we can moke use of a rea^nably accurate 
point on a geological therrnometer, and state that pegmatite con¬ 
taining graphic granite normally commences to oystallke not far 
above 575°, say at 6oo^ C. 

* I * 
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Granlte-aplltes. 

These rocks occur as veiiis, ^ a nilfip only a f^w inches thick, and 
although most abundant in the parent granite itself, they some¬ 
times penetrate beyond its boundaries into the adjacent roc^. They 
are found m association with mica-lamprophyres {as rich in mafic 
mincTals as aplites are poor)^ to which they are compimiti'^ary in 
BrOgger's sense. Chemically they are chaiacterked by a high silica 
content and a considerable proportion of aikalicSp with iron and 
magnesia in subordination. To this they owe their light colour- 
white to buff. In the hand-specimens they present a remarkably 
even and fine-grained saccharoidal texture^ which, under the micro¬ 
scope, is seen to be microgranitic or micrographic. The domin^t 
constituent is usually feldspar—a potassic, sodic or hme-bearmg 
variety, according to the typo of granite with which the aplites 
are associated. The proportion of quartz varies^ but in some 
varieties this mineral predominates, indicating a passage to quartz 
veinsn 

Rdation of ApiiU to Pegmatii^, 

Aplites and pegmatites both occur as veins, dykes or sills jn 
granites or the nearby country rock. Further, both types may be 
seen in the closest association in comjjosite intrusions which may be 
pegmatitic in their marginal parts, but aplitic in the centre. Oc^- 
sionally the two may be intetbanded; or a vein dominantly aplitic 
may contain irregulif pockets of pegmatite. This intimate associa¬ 
tion demonstrates that both rock-ty|^ represent granitic residua 
and that both have been generated in e^ntially the same w^ay. 
There has been much speculation as to the cause of the striking 
difference in grain-size between these two residua. Probably apbtes 
represent a "dry“ and poorly fluxed fraction of the residual gi^itic 
magma, while the fugitive constituents were concentrated in the 
*pcgmatitjp fraction. Doubtless the latter would be far more mobile 
than the former. The truth of this supposition is established at 
Porthleven, Cornwall, where pegmatite occurs in contact with 
the i4nd€f-sid€ of sedimentary xenoliths suspended in granitk 
(largely aplitic) sills. Such local pegmatite has obviously originated 
by the arrest of the upward-streaming volatiles. 

There Is no doubt that many pegmatites and aplites have 
originated in the manner outlined above: but in some cases a 
metasomatic origin is indicated by the field-relations of the rocks. 
If it is conceded that some granitic-looking rocks have originated 
by replacement, there are even stronger grounds for believing that 
the same is true of some pegmatites,* 

* Sec King, B. C.. /eum. Gtot., xlvi (104S), p. 459 


2oS THE PETROLOGY OF THE IGNEOUS ROCKS 


PNEUMATOLYSIS 

Following the final consolidation of the ma^ap the fugitive 
constituents are rekasedp and escaping through joints and other 
fissures may effect striking changes in the mineral composition of the 
parent rock. These effects are covered by the term pneumatolysb, 
which implies that the fugitives ate in a gaseous state. This is 
probably true in some cases, but not in others. WTiether they 
exist as a true gas phase or notp however, they behave essentially 
as chemically active solutions. Pneumatolytic modifications are 
most strikingly displayed by granitic rocks [though they are not 
restricted to the latter), and indude (n) greisenmg and (ft) tour- 
malinization. Kaolinization is sometunes included, but is better 
regarded as hydrothermal alteratiou. 

[fl) Greisenlng.—Greisen, composed essentially of white mica 
and quartz, b one of the most distinctive products of thb type of 
activity, and appears to have three different modes of occurrencep 
depending upon the degree of consolidation and fissuring of the 
parent rock. 

(i) Most commonly greisen is a marginal modification of granite 
adjacent to quartz- and noineral-veufia. The alteration is very local¬ 
ized : normaUy it extends for a distance of a few inches only from 
the contact. Usually there is convindng evidence of replacement p 
such as the pseudomorphing of feldspar crystals by aggregates of 
white mica. Tlie latter is often a variety containing lithium and 
fiiiorine, such as zinuwaldite. Other fluorine-bearing minerals, 
notably fluorite and topat, are also commonly present* Purple 
patches of fluorite give colour to an otherwise light grey or white 
rock. Topaz is an almost constant accessory, and in some specimens 
becomes an important constituent, even exceeding the white mica 
in amount. The end-product of this line of variation is a topazr 
quartz rock, the former making up perhaps nine-tenths the rodp^ 
to which the name "'toparfels"" is conunonlyp though incorrectlyp 
applied. Granites vary widely in the extent to which they display 
pneumatolytic effects, and this type of greisening is developed 
extensively in only a few areas, such as the tin-mining districts in the 
Erzgebirge in Saxony and in Cornwall. 

(a) In other occurrences the volatile-rich residuum does not alter 
the parent granite, but gives rise to veins and thin dykes of white- 
mica, quartz rock which crystallizes in fissures in the granite. Such 
exxurrences are fundamentally different in nature and origin from 
the demonstrably metasomaric greisens noted above. They are just 
as definitely primary' igneous rocks as aptites and pegmatites. T^us 
if the name "gieisen'" implies a metasomatic origin as well as a 
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particular mineral assemblage, another name is needed for these 
rodcs. SpujT^ has suggested the name ""esmeraldite” for primary 
quartZp white-mica rocks, A better alternative is to apply the term 
"'grcisen"" to all sudi rocks* and to indi^^te the mode of origin by 
appropriate quallhers. 

(3) Large bodies of greisen sometimes occur as apophyses and 
margmal facies of granite masses. They are not related to jointing 
or fissuring in any way* and are obviously different from the grdsens 
considered under (l) and {%) above. A typical example is afforded 
by the outcrop at Grains^p just north of the main part of the 
Skiddaw granite* Cumberland, The chemical gains and losses of the 
greisen as compared with the main granite are different in this case 
from those which usually apply.^ There is usually a considerable 
increase in HjO* F and probably AI, while Na may decrease to £eio. 
Other oomponents may show small but haphajcard changes. When 
the analyses of Skiddaw granite and Grabsgill greisen are compared, 
there is found to be an increase in SiO, in the latter, which is too 
great to be accofunted for by hydrothermal alterationJ A. Barker^ 
suggested that the greisen crystallked from a p^ticularly add 
magma-fraction which was separated from the main granite and 
driven northwards by filter-pr«s action. As the greisen yields 
evidence of replacement of the original feldspars ^ however* it is 
probable that two processes have been involved: firstly, differentia¬ 
tion on the lines suggested by Barker, and seoondlyp deuteric 
alteration by an active residnum. Retention of the late-stage 
solutions in such large volumes must depend on such geological 
"accidents” as the shape of the differentiated body—ideally an 
apophysis of the main mass—and the degree of fiskiring pi the 
surrounding rocks, which must affect the escape of the volatiles. 

This three-fold division of greisens and greisen-like rocks into 
(1) primary, (2) metasomatic and probably pneumatolytic and 
(3) deuteijc* is paraheLLed among granites affected by tomn^Jini- 
zation* 

{b) Tour mall alxation.—Tourmalinep like muscovite* appears as 
a normal constituent of some granites of the more add and alkali- 
rich types, as in the CammeneJJis mass in Cornwall. A particular con¬ 
centration of boron produces a brown iron-rich tourmaline in place 

I "Tht S, Klondyke District, Eamtralda County, Nevada."' Ecm^ Ceoi., 
i (I 90 &). p. 381- , , , . . ... 

* A valuable summary ol ibe faiDA and losses involved m greweuing: u 

jciven by C. J. ^'iUama: "A Granitc-scJiist Contact ia Stewart Islaad, New 
Zealand." ^ur. J&um. Sx., xc P- 548- 

I Hiti^en, c. S., "The Skiddaw Cnmite and its Residual Ptc>dncta/^ QuiV^ 

Joum. Soc., xc (T 934 h F- * 3 ^^ 

* "'Carrock FeU granophyre and GraiuBgiU gteiaen," ycpum, Gt&L Soe., 
k (1895). P- 143 - 
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of biotite* so that the two miner^ ane very seldom seen together. 
With increasing fliix-coiioe£itra.tion tourmaline increases at the 
expense of other constituents of the granite; in particular, the 
feldspar is progressively eliminated^ Luxuliianlte^ represents an 
arrested stage of tourmaJinization, m which some brick-ted feldspar 
has survived, though the outlines of the crystals are much corroded. 
Between them quartz and finely acicular black tourmaline are much 
in evidence [Fig. £6). 

Under the microscope luxullianite is a beautiful rock. The black 
tourmaline (schorl) occurs in the form of debcatc needle-like crystals 
radially disposed and often clustefed around corroded relics of 
earlier "ruassive'' brovm tourmaline. The tourmaline needles freely 
penetrate into secondary quart?, a mosaic of which forms the 
general background of the sections. The feldspars have been deeply 
embayed and show progressive replacement chiefly by quart?, 

A second stage of tourmalLruzation is represented by rare tour- 
maline-quarlz rocks in which none of the original components save 
quartz has survived; but although completely replaced, the shapes 
of the feldspars can still be detected, though their substance b 
chiefly quartz-mosaic. 

In other instances tourmaline occurs in imperfect stouter prisms 
of random orientation, embedded in coarse quartz mosaic, giving a 
black-and-white rock of distinctive appearance. A well known 
example of thb type b that of Roche Rock, Cornwall, which fontis 
Ml isolated outcrop with no visible conoection with the nearby main 
granite intrusion. There is, indeed, no evidence, microscopic or 
otherwise, that this rock ever was a normal granite: it may well 
represent a magma-fraction drastically enriched in "fugitives" and 
analogous with the "primaiy greben" noted above. Apart from such 
occurrences, however, the same mineral a$semblage, sometimes 
with cassiterite in addition, occurs in the form of primary vein 5 . 

Finally, it may be noted that the activities of the fygitive coh- 
stituents are not ILmited by the boundaries of the parent granite, 
for the surrounding rocks are sometimes extensively altered. 

[c) Kaolinizaclon.i —The partial alteration of feldspars into ait 
cxcecdin^y fine aggregate of flaky imnerab of the kaolinite tyjK 
b a ubiquitous pheiicmenoii in granitic rocks. Such kaolinite b 
usually accompanied by sericite, and together these two minerals arc 
the chief cause of the opacity of orthodase in the hand specimen 
and its dondiness in thin section. Occasionally kaohnization b so 
complete that the whole rock b reduced to a thoroughly rotted 

* WetU* K.* “A. coDttibutkn to the Study of Luscolilamte," Afm. 

(1946), p, iSt, 

'■ 'Handbook to the Collectioo of Katplia, Afnn. 19^14, 
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condition, becoming friable and so soft that the rock can be easily 
dug away, or even removed by a high pres^itre jet of water. In this 
condition the Tcx:k Is of great economic importance as chiaa 



TIG. 86 


Section ot ItixuHtanite {tlie type-rock), Liunillymn^ ComwaU. 

ToujmAime in mdinJ qnutz of two periods^ S4ine pre-toiixTnaiinep 

some secondo^ liter fekUpax. Hie bocndary' ot a crystaJ of the 
completely lilicified, is out]ii]ed with ackaljir toummliiiEr on light, near 
top of sectioDu Longest toarcnnliafr oystnla axe 2 mm. 


perhaps the mo$t valuable raw material in the ceramic industry. Of 
the original minerals of the granite, only the quaxta survives kaolini- 
zatioD. Large masses of the St. Atistell granite m Cornwall have 
been raodihed in this way, giving china day in association with other 
late-stage alteration products such as quartz-^tourmaline rock and 
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china stone. The letter rock is compamble with luxuUiantte in a 
sense, as it represents an arrested stage of alteration — this time ol 
kaoLinkatiDD —^and exhibits a wide variety of replacement textures. 
Two feldspars are present: strongly kaolLnized orthodase, often 
microperthitic, and relatively fresh euhedral albite. The orthoclase 
may be extensively veined by secondary quartz and by fluorite. 
The latter b an essential component in more than the usual petro- 
graphical sense, for it gives the rock its huxing properties in the 
glaring of china. It ooemm in a variety of forms, either replacing 
feldspar or penetrating along the cleavage planes of mi.iscovite as 
shown in Fig, 87. 

The chief agent of kaolinkation b probably high^emperature 
HjO vrhicb attacks the Orthoclase (KAiSijO^) etc., to form kaolinite, 
Ai^Si,03(0H)^, and releases a certain amount of potassium which 
may combine with CDs to fonn a carbonate and thus be removed as 
a soluble component ; or the potassium may combine with other 
components to form seriate which is so commonly associated with 
the kaolinite. Carbon-dioxide may thus play a part in these reactions, 
but it b uncertain how important a part. 

THE MICROGRANITES 

Under this omnibus title are grouped the medium-grained equiva¬ 
lents of the granii^^ indnding the alkali-granites, adamellites and 
granodiorites, Medium-grained'* in thb sense comprises all those 
rocks with average grain-size lying between the limits of 1 mm. 
and 0-05 mm. The British Association Committee on Petrographk 
Nomenclature/ after considerable discussion where to draw the line 
between coarse-grained granites on the one hand and medium¬ 
grained roicrogranites On the other, chose an average grain diameter 
of 0-5 mm. In the present writers' opinion this limit b too low. The 
only outside criticbm of the graln-ske principle in rock classification 
has also been directed against this choice,, and in the ckfumstanefe 
the vmters feel justified in raising It to r itim,, thus bringing the 
Add into line with the Basic rocks. The advantage of having a 
uniform grain-ske limit be^een "coarse" and "medium" seems to 
outweigh the sole disadvantage—that certain rocks formerly called 
granites now become microgranites under this scheme. The limiting 
grain skes are the diameters of the majority of equidimensional 
grains of quartz and feldspar, ignoring phenocrysts. For general 
purposes it b sufl&dently accurate to define microgranites as rocks 
of granitic composition and grain ske ranging from i mm. down to 
the limit of unaided vbionr With further diminution of grain ske 
these rocks grade into rhyolites. 

■ by the Secretary^ (A ^K.W,J in Cici. 1956, p. 3^3, 
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FIG. S7 

Comiah *' thina. sbune.*" OrthodiM (stippltd) ii ftrongly JaoliniMd,, whiXe 
mJbitfr is r^l 4 .t]vely 6fe*h. coaUUi^ nnaiemtia incluwia. FtHorit* is 

CQospKuous in isusccivitv, in lErg-er^ ifi.terstitii;X 

ahowtng; octaltcdnl cJeavn^e^ tcpu Giyntal in th« top left CKf ttio 

i«ct»a. • . » 
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According to the details of their mineral oomposilioii the follow¬ 
ing may theoretically be distinguished:— 

alkah-nucrogranites^ nucroadamelbtes and iiiicrogTaiiodiorites+ 

The means of distinction lies in the ratio of alkali- to plagiodase 
feldspar^ as for their coarse-grained equivalents j but as we have 
seeup the distinction 15 sometimes difficult even when dealing with 
the latter. With these finer-grained rocks the difficulties are accen¬ 
tuated, particularly if they happen to be porphyrEtic, for then the 
ncc^ity arises of balancing the phenocrysts of one kind of feldspar 
against groundmass granules of another^ Thus in some instances 
it may prove impracticable to specify the type of microgranite, 
but as with the coarse-grained equivalent types* dbtinction may 
sometimes be drawn between potassic microgranite and sodic 
microgranite. The former is a combination of either orthodase or 
nucrodme with quarti and ordinary coloured minerab* usually 
biotite: while the latter is characteruced by a sodium-rich feldspar 
(albite^ microperthite or cryptoperthite) associated with such 
minerals as aeginne Or riebeckite and, of course, quartz, 

Texturally microgranites are variable—presumably as variable 
a$ the granites themselves, Porphyritic and aphyric types are widely 
distributed, though the fonner are probably the commoner. In 
iwrphyritic micrqgranites (formerly often called "quartz-porphy¬ 
ries” or "granite-porphyries”) the phenocrysts may include alkali- 
felspars, beta-quartz, and less commonly the dark silicates. The 
quartz phenocrysts have the form of more or less corroded bipyrumids 
exactly as in rhyolites; while the orthodase, when present, forms 
well-shaped CTystals, though often to some degree seticitlzed or 
kaotoized. In micrugranites associated with adamellites and grano- 
diorites, pUgiodasa is an important ca:>nstitueiit* and other things 
being equal, might be expected to occur as phenocrysts while the 
associated potassic feldspar would occur in the groundmass^ The 
accessori^ occurring in these rocks are those normal in rocks of this 
ernnposition ■ but in some, on account of their relatively late forma¬ 
tion, normal accessories like zircon may be accompanied by others 
usually regarded as of pneumatolytic origin. The commonest of 
these is tourmaline, particularly in the minor intrusions associated 
with the granites of Cornwall and Devon, 

A distinctive texture not uncommon among microgranites is the 
micrographic, which reproduces in miniature the graphic texture 
of granites of pei^atitic facies, fn all such cases some pari of the 
qiiartz and alkali-feldspar is intergrown^ but there is considerable 
variation in the size* form and disposition of the components. Often 
the intejgrowth forms a frm|e i^ouud euhedral feldspar or quartz 
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Flo. M 

Porphyritk micTP-s^odioritc, »outK oJ Xorth Bend. Bhti^ Columbia 

CbcMcryats o/ qiiartj, xqacd pls^^ioclase, tcuninon hornblende and biotiie 
ajv embedded in a micrDefyatalline gnaundnusa of tbe innao uimeiaB. 
Apatite and aphene ai'e obe The ti^innic^ b mdicated in the 

plagiodue. 
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crystals, with an apprQTdmatdy radial disposition of the quarts 
dements. The intergrowth becomes progressively finer in a repre¬ 
sentative collection of such rocks, and the micrographic grad^ 
imperceptibly into the cryptographic, which demaiicb the highest 
magnificaticpn before it can, with difficulty, be resolved. Thse latter 
arc, of course, fine-grained, and arbitrary Umits of grain-size are 
needed to separate graphic granites frmn graphic microgranites, 
and these in turn, from cryptographic rhyolites. The same grain sbe 
limits may be used, but the limiting diameters refer to optically 
continuous patches of quart st or feldspar. "Graphic microgranite'* 
is a self-ejtplanatofy* term: hut th^ rocks have long been known as 
granophyrefi (Fig. Sg). 

Until quite recently all granophyres were regarded as nonnial 
magmatic rocks; but some appear to have arisen by metasomatism 
of sedimentary rocks in some instances, and of pre-existing igneous 
rocks in others. Thus in the KarroQ, S* Africa, shale has been meta- 
somatised by dolerite sills to such a degree that it has been rendered 
mobile and has acquired intrusive relationships. This "mobilised'* 
material has crystallized to form granophyre veinsj On the other 
hand it is claimed that on SUeve GulJion, Ireland, a Tertiary grano¬ 
phyre has been produced by metasomatisin ol a Caledonian 
granodiorite.^ 

Examples of microgranites are widely distributed. Types corre¬ 
sponding in composition with the alkali-granites are associated with, 
and occur as ofTshoots from, major intrusions of this nature. Thus 
the coarser-grained dyke-rocks, locally termed "civans,"' found in 
the near neighbourhood of, or actually cutting the Cornish and 
Dartmoor granites, are potassic or sodi-pota^ic microgranites. 
Those with adamellitk and granodipritio affinities tend to occur in 
association with, for example, the Caledonian "granites" ol these 
in Scotland. Many of the minor intrusions in the English Lake 



District provide typical spedmens of microgranites: the St. John's 
Vale intrusion* characterized by phenocrysts of orthodase, quartz 
and small red garnets, is a porphyTitic potassio microgranite* Among 
types which are correspondingly sodic we may note riebeckite 
micrograaite, which occurs at Ailsa Craig in the Firth of Qyde, 
on Holy Island off the coast of Arran and at Mimydd Mawr in North 
Wales (Figs, go and gr). Although dosely similaj in mineral com¬ 
position, the two examples figured differ in textural detail. The 
micropoikUitic habit of the riebecldte, sometimes giving it a 
*'mossy" appearance, b charaeteristie. Aeglrine^mlcrograjiite 

* of the Union of S. Affica/' BuU. C*ct. Soe. S. A/nes^ 

^ p. 

^ Beynoldj, D. L,, Rep. of In^. Congr, Londan Ft HI, 

"Meta»au,tk "Pmxama in pub. imp, p. 10, , 
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Fig, ^ (afrffihi)* — Riebctidte microigiuitc, Ailja Cmig, Filth of Clydo, ScotUod. 
ALluL|i-fcld5pjiT embedded in paikiUtk ripbeckite (ehawo black) and qnarti, 

Fia. 9t (Mow).—RklKlut^^acinito-mkrogniyte^ Mynydd Mawr, CarTiaxvoii- 

thin. 

PhEnocmts of ^-<iuirtK ajad alkah-f^dspar in micrDCTTatalline granodmossK 
with iciciiLar priaiiL!i of acmite, mud micropoikilitk ripbEckit«. 
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oocttrs among the dyke rocks connected with the alkaJi-syenite 
complexes of SutherlandshriCj for example the Cnoc na Sroine 
complex in Assynt.® 

It may be noted that the Alba Craig rock has been called "riebeck- 
ite-aplite/' But the term "'aplite” implies not only a peculiar mineral 
composition and a distiiictive texture, but a special mode of origin. 
Unless there are strong grounds for bclie™g that the rock in ques¬ 
tion has originated in the mannei described above under "aplites" 
(p. 207), the term apUte should definitely not be used. 

One of the best known British examples of graphic microgranites 
is that which occurs at Carrock Fell: the intergrowth in this case is 
relatively coarse. The rock lonniog the Aimboth dyke in the Lake 
District is a handsome porphyritic variant with phenocrysts of 
quartz, bright red orthodase and small garnets set in a dun-coloured 
graphic groundmass. The prominent Fort Regent mass lying on 
the outskirts of St. Helier, Jersey is only in part raedium-gruiued, 
but is beautifully micrographic in places; while a massive ooluninar 
sill. In the main a rather fine-grained granophyre, forms the for¬ 
midable scarp feature of Cader Idris in North Wales. 

THE RHYOLITES 

If for the sake of simplicity one name is required to include all 
the Add igneous rocks of fine grain, it must be rhyolite^ which thus 
has the same status as "granite"' for coarse-, and "microgranite" 
for the medium-grained rocks. This b one of the older rock names, 
and was used by voo Richthofen {1S60) on account of the flow 
banding frequently exhibited by these rocks. They have also been 
termed liparites (Roth, 1S60), from well-known occurrences in the 
Lipari Islands. 

The upper Umit of grain sbe is 0*05 mm., this having reference 
to the diameters of quartz or feldspar grains in the groundmass. 
drains of ^is size are, of course, irresolvable with the naked 
so for practical purposes the dividing hue between microgranltes 
and rhyohtes can be placed at the limit of unaided vision for the 
groundmass components. No limit of size is laid down concerning 
the phenocrysts which are present In many spedmens. 

In attempting to subdivide this large class, we try to apply the 
same criteria as for the granitic rocks, and recognize three main 
categories based on the feldspar contents. It must be realised, 
however, that in many cas^ on account of fineness of grain or the 
presence of natural glass, it is impossible to apply any but a general 
name: specific idcntiiication along these lines is itnposdble- With an 
analysis available, the task is much simplified, of course. 

* Sband, S, J., Trans. Gsei. Soe., ix (1910)1 PP- 3 ^ 
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THE at:.kali rhyolites 

In the scheme of classification these are eisactly analogous to the 
alkah-granites and microgranites, and like them, may be further 
subdivided into (a) potassk and (i) sodic types* 

Potasstc RhyoUteB*—In these the feldspar consists of the high- 
temperature form of orthoclase—sanidinCp often ui the form of 
glassy dear phenocrysts and/or as minute granules or mkrblites in 



FIG. 93 

Devitria«d porpbyiitic pitebatODe, Pttit ParteUt, JerBey, C.L HigUy 
corroded phenocrysts of q-gjirtz in ''fdsitic" (originiJly glassy) grouDo^ 
miss. ^ 

* 

the groundmass. Sodic plagiodase is not eatduded, but must be 
subordinate to the sanidine. In all rhyolites free silica may be 
present not only as jS-quartstp but also as tridymite and even cristo- 
balite. Of these the ^-quartz is by far the commonest of the three, 
and the only obvious form of silica even tinder expert examination* 
It occurs as wdl-formed bip3Tami<is, which p however, may show 
any degree of magmatic corrosioUp and in extreme cases may be 
reduced to shapeless wrecks of the odginal crystals (Fig, 93)* By 
comparison witli granite one would expect the micas and hornblende 
to be the most commonly oanuring coloured silicates: but actually 
although blotite i$ common, hornblende b rare in rhyolites, while 
pyroxene b widely distributed* Thb b consisteat with the higher 

i A i 
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temperature at which con^lidation took place in the case of rhyolite^ 
and the boiling off, instead of retention, ol volatiles in lava flows 
doubtless also favoured the crystallisation of the anhydrous 
pyroxene. The biotite is often very strongly oolouredp so that basal 
sections appear almost black. The pyroxene is often nearly colour' 
less—actually a very watery light green—in thin sectioii, and is a 
diopsidic augite. 

Sodic Rhyolites.—Like sodic granites these rocks may be very 


Analyses or Alkao-rhvoutes 
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I. Potasak rhyolite, Cwzn Caiegog, Snowdon (Anal. R. J* G. Fabry), 
Q.J.G. 5 r, 1037 , P- 3 ^- 

IL SodUpotassk pltehstone, Airaxi, Scotlaiid (Anal, E, O* Radley^ 
Geol. of Arran, Mm. GmJ* Surv., 1928. 
ilL Obsidian, Obsidiati Clif, Yellowstone Nattoual F^k, U.S.A, (AnaL 
Wlutfield). 

IV* Sodk-rhyolite (PaDtelleria type). Average of twelve paxitellerites 
quoted from Daly, 1933, p. 10. 

distinctive, largely by reason of the coloured silicates they contam, 
which may be the same as those already described in the corre¬ 
sponding granites: viz,, aegirine among the pyroxenes and riebecldte 
among the ampbiboles being characteristic. The coloured silicates 
are aocompanied by quartz* of course, and ideally by albite, though 
in very many instances the feldspar, as in the corr^poading coarse¬ 
grained rocks, is sodi'^potassic—a perthite or antiperthite of sorts* 
There i$ not the slightest doubt that these rocks, which occur as lava 
flows and minor tDtnisions, have had a common magmatic origin 
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Sphenilitic riebeclutt'rliytilite, bctwnwn Biatii A^aka. Lent, 
nortiieTn NigeriA. 
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with th^ corresponding granites with which they are associated in 
the fields for example in the (sodic) alkali-coinple^ces of Nigeria. 
Some types of sodlc rhyoEte have been given specific names. Thus 
^^quartz-pantellcrite/^ so nanied by Washington from occurrences 
on the. island of Pantehfiria, near Sicily, contains in order of abun¬ 
dance, "soda-microdine"" (about quartz, aegirine. or 

aegirine-augite, and the di^inctive and rare amphibole, oossyriter 
"QuartE-keratophyre'" has been used in several sensesp but the 
practice in this country is to apply it to sodic rhyolites characterized 
by the presence of albite or alhitc-rich feldspar> associated with a 
little coloured silicatOi^ the original nature of which has become 
obscure through alteration: they are represented by uninformative 
patches of chlorite. Lavas and texturally similar minor intrusives 
of this type cxcur among the Ordovician and Devonian eruptive 
rocks of North Wales and Devon and Cornwall respectively* The 
name obviously has no advantage over soda-rhyolitep and we do 
not advocate its use. 

THE TOSCANITES 

The toacartlceR^ are the more acid members of the trachy- 
andesite series. They correspond to the adamellites among the 
plutonites. The toscanites may contain phenocr3^ of both potas$ic- 
feldspar and pLagicxdasc (oLigoclase to andrainej^ tog>ether with 
quartz and a feiromagnesian oimerai (hiotitep angite or hj'persthene) 
embedded in a groundmass that is frequently glassy. Biotite is the 
most prominent feiromagnesian constituent. Chemicaliy the rocks 
are distinguished by high silica and alkalies and (for the acidity) 
high hme and low alumina. According to Washington, rocks of this 
type are found at Braedano, Cervetere, ToHa and Monte Amiata, 
in Central Italy. 

THE DACITES 

^Oadtea juay be defined as occupying the position among the 
fine-grained igneous rocks^ of the granodiorites among those of 
coarse-grain size. In terms of mineral contents^ this impljes a marked 
predominance of plagiodase over potassio feldspaTp to the extent of 
at least two-^thirds of the total fddspar. Theoretically dacites, like 
other types of acid lavas, may contain phenocrj'stSp or may be free 
from them. In practice the name is seldom applied unless pheno 
crysts of both quartz and plagiodase are present. Clearly only a 
portion of the total free silica will be visible as phenocrystic quartz— 
much of it will be retained in the groundmasSp and a chemical 
check is dedrable in doubtful cases. Furtherp while it was practicable 

/ FfQin Tuficana, tha It&lian for Tu^canjr. introdiiced by H, S. 

Wishiagt un, (1/ V {1897), p.^7'. 
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to di^eTentiale bet'w%«n granodloritcs and quajiJ^-diortt^ when 
dealing with roclcs of ooai^ this is impracticable in the fine¬ 

grained category. Thus quarts-andesite. strictly anakgons to quarts 
dioritep cannot be separated from dadte^ and strictly speakingp the 
definition at the head of this paragraph should be modified 
accordingly^ although it is of no practical importance. 

Textural range of the rhyolites,—The rhyolites which capture 
the popular imagination are undoubtedly the vitreous types^ 
Although the proportion of glass to crystalline mineral in rhyolites 
is infinitely variable, those types lich^ in glass are tenned obsidian, 
pitchstone or pumice. At its best obsidian is a pure natural glass 
of rhyolitic (or granitic) composition, black in colouTp naturally 
vitreous in appearance, and usually exhibiting a striking concholdAl 
fracture. Obsidian may be easily trimmed up to any desired shape 
^—to a point or sharp cutting edlge^ for example^ therefore t^ 
rock has been largely used by primitive peoples in the manufac- 



{a) ACaigarites. (6) Gfobulites. (d) Tsichites, (fr) Beboittw. 

FIG, 04 

Some types ot ncysUlLLtes. 


ture of stone implements and weapons. Although obsidkn is the 
coimnonest of the natural glasses, it is not widely distributed, 
the occurrences at Obsidian Clifl in the Yellowstone Park, at Mt. 
Heda in Iceland, and in the Lipari Isles, being the best knowUi 
In thin section obsidian is colourless and isotropic, {t is rarriy 
completely devoid of crystalline materiaJ, which may cxxiur as 
minute scattered crystaUites (Fig. 94), or spherufites, either isolated, 
in irregular groups or trains, or in definite bands (spheruhtic 
obsidian). Although the proportion of glass in pitchy tone b very 
high^ there is much more crystalline material than in obsidian. It 
may take the form of phcnocrysts, of any of the ruinerals appro* 
priate to rhyolites—/J-quarta, sanidlne, oligoclase, light green 
pyroxene are all common—or as microHtes. The latter have been 
Identified in some cases as feldspar, in others as pyroxene, presumably 
of the same type as that occurring as phenocrysts. The miorolites 
may appear rod-like in thin section^ but in seme cases they form 
stellate or feathery groups, or may resemble fem fronds, in these 
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glassy rhyolites of both types flow structure Is common: it b shown 
sometimes by the parallel aUgnment of the microUtes which may 
sweep round pheuocrysts Like eddies in a stream, aud convey a vivid 
impression of the viscous flow of the magma. In other cases the glass 
itself is colour-hapded 96), or layers of vitreous and non- 
vitr^us lava may alternate^ doubtless resulting from a degree of 
heterogeneity in the lava, Periitk stnictuie^ resultbg from tension 
set up by contraction during cooling, occurs in both obsidlaji and 
pitchstone (Fig. 97). These two terms are used rather loosely: in the 
opinion of some the distinction between them should rest on the 



FIS, 95 

Splurulitic Rhyolite-Obsidiui, Lipari, 

Showing balnoitn Ainranged by flow movements prior to the 
growth of aphemlites. 


different degree of crystallinity, as noted atove^ but in the opinion 
of others, the dMerence in water content is more significant. In 
obsidian the amount b small—usually less than 1 per cent-^bilc 
in pitchstone it may rise as high as 10 per cent- Johanssen has 
advocated drawing the line at 4 per cent of water, but although this 
would make for aocu^acJ^ it b a drawback being unable to name a 
specimen until an anal}^is b available. 

The common occurrence of glassy rocks -among the rhjrolites b 
regarded by Vogt as a natural consequence of the competition of 
the magma from which they were formed. Th* chief oomponents* 
alkali feldspar and quartz, are present in nearly euteede proportions. 
Such a mixture remams in the liquid state longer and at a lower 
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Poiphyritic pitch^tpuo, SgftiT of Etgg. Hebrides. 

Th« corroded pbcoocrysts axe of ^-quarti and BaoidLae; they bave bees, 
chipped AOfl the fn^eota by the flow, indicated by the banding. 


temperature than a magma erf different composition^ At tempera¬ 
tures near the eutectiCp crystallization is inhibited by the high 
viscosity-* 

As regards mode of occurrence glassy rhyt>lites^ equally with those 


f HnwheSj L.> "On Koch Glass and the Solid and Uqaid Statn,'" Mag., 
i93fli. p. 17. 
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Fcrlitie obsidian. 
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PitchstoDC, ComQgUl^, Arrui, with pyroxene cryvtiHites 
luJTDuMed by ^ dcir 
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of other types, may occur both as extrusive flows and iotnisive sills 
and dykes. In Britain famous examples of pitchstones occur among 
the Tertiary iutnisives in the Hebrides* in Arran and Eigg. The 
Arran pitchstones are well known on ajccount of the interesting 
textures they exhibit (Fig. gfi). Further, some contain iron-olivine^ 
fayalite^ in addition to more ordinary pjToxene, feldspars and 
quartz phenociysts [Fig. 99). Most teai^ing collections contain 
specimens of the Meissen pitchstones which are reddish in coIonr> 
and are mostly lavas, Pitchstone lavas occur also among the Old 
Red Sandstone volcanics Ln the Cheviot HLUs. 

All these glassy rocks tend to change their character spontaneously 
in the course of time* when they become devitrifi^. Although 
evidence of their originally glassy nature may be clearly proved by 
imoes of perUtic structure, for example* examinaticn between crossed 
polarizers shows them to be completely crystallme—often quite 
coarsely microtrystalline, the whole rock breaking up into a mosaic 
of ill-deflned grey-polarizing areas bearing no relation whatever to 
the original structure. This is often called febitic texture, and the 
rock itself a fclsite, which Is therefore merely an andent devitrifled 
rhyoliter Many examples of these occur among the lavas of Uriconian 
age in Shropshire, and of Ordo\ician age In North and South Wales. 

It was mentioned inddentaUy above that these rocks may be 
spherulitic. Ideally the spheruhte^ consist of near-spheres, often 
about the size of a pea, but varying from smaller than a pin's head 
to larger than a man's fist. In the case of the smaUer ones a section 
shows the spherulites to consist of radially disposed fibrous crystals* 
which are not easily identified under the microscope. In some oases 
they contain cristobalite, or may consist of it*^ In certain rhyolites 
the whole of the groundmass may be spherulitic: the characteristic 
radial arrangement of fine microlites may be seen, particularly be¬ 
tween crossed polarizers, although on account of mutual interfereuce 
during growth the individual spherulites are no longer ispheres Cut 
they may be reoc^ruMd by the imperfect black cross that results from 
the straight extinction of the individual fibr^. The French name 
"pyromerides'" is still applied to the spherulitic rhyolites of the 
north coast of Jersey, Channel Isles* which are perhaps unique. 
The speruhtes often show a strongly developed concentric structure* 
superimposed upon the more normal radial armugeineiit. In this 
respect they are allied to the so-called Uthnphysae—steme bubbles 
which superfidally resemble spherulites but are hollow inside. 

With slower cooling the rhyohtic magma will not congeal as glass* 
but will become wholly crystalline. There may be difficulty in 
deciding whether this bolocrystalliue condition is original or the 
^ a. D.> Min., aadv [1939), P- 4 ® 5 ' 
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FTC,^ 

FayaJitc-pitchstoae, Glen Shurig. Artaa. Fay^Lte pheiiocrysts ocnir m th* 
vpp^r half of the 9«ctiioD, n clinO'pyitiiJKjen-e m the lawvr half. 

IroQ ore, plagioclajie uid /J-quartx ue &Lu> preseot, the latteir giving 
typical htiugonal basoJ loctioq. 


result of devitrification; but m the absence of relics of the glassy 
state, referred to above* and if the individual grains are dearly 
defined* it b almost certainly an original structure. As noted above, 
rhyolites may be porphyiitio to an^' degree: the phenoorysts may 









230 THE PETROLOGY OF THE IGNEOUS ROCKS 

be minute and widely scattered, or they may be relatively large aad 
so closely packed as almost to exclude the groandmass. The name 
"nevadite** was applied by von Richthofen to a rock of the latter 
type. It is best, however* to introduce new names for rocks with 
distinctive mineral composition, rather than some mere textuiaJ 
peculiarity, which can always be covered by appropriate qualifiers. 
Richness in phenocrysts is not an attribute of one kind of rhyolite, 
however, and while one lava described as nevadite is a pheaocr^^t- 
rich poUssic rhyolite (with porphsrritic sanidine and quartz), 
another has been called by the same name on account of the abun¬ 
dance of phenocrysts, but as they include oligodase, biotite and 
hornblende in addition to saniduie and quartz, we are dealing with 
a rock in a different <^tegory altogether: it is a phenociyst-rich 
dadte {p. 223), 


CHAPTER in 


TIIE IT^TERMEDIATE IGNEOUS ROCKS 

In this c^i^ory wc iiidiide the Syenite, Syenodiontc for MonzonLte) 
and Dioiite Clkns^ Ideally these rocks should contain no quarU, 
this being the ininerRlogical basis of the distinction from those 
designated "Acid/" The coloured silicates play a minoT rfile, whereas 
the conditions are refve^d in the Basic to<te. It lollowSp therefore, 
that the feldspars are typically the most important components, 
and again there is fuU justification for using these minereds as the 
basis of further subdivision. As with the Add rocks^ thr^ de^es of 
alkalinity arc recognized^ and are expressed in terms of the ratio of 
alkaU-feldspar to plagioclase. There is general agreement on the 
need to distinguish syenitic rocks, in which alkali-feldspar pre¬ 
dominates, from dioritic rocks in which pkgiodase is domuiant. 
Opinion is divided as to whether it is necessary to find a place in the 
s^eme of classification for a group in which the two kinds of feldspar 
are of approxhnately equal importancep As stated above, we believe 
that the gain in precision resulting from the recognition of threep 
rather than two groups, ruore than offsets the ejttra trouMe involved 
in measuring the projKiriions of the feldspars. The outline scheme of 
classification of the Intermediate rocks is shown in the appended 
table:— 
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3 J2 THE PETROLOGY OF THE IGNEOUS ROCKS 
{«) THE SYENITE CLAN 

The meinbers of the Syenite Ckn are rocks of intemecUate com¬ 
position, characteri2ed by the mineral combination, alkali-fddspars 
and coloured silicates, the former ip typical specimens being iarigely 
dominant. They may contain plagiodase within the range oligod^c- 
andesine np to one-third of the total Iddspar content. Within the 
Clan three grain-size groups are erectedp coarse^ medium and fine^ 
comprising the syenites, microsyenites and trachytes respectivdy* 
Each of these groups may be further subdivided, according to the 
dominant alkali, into a potassk series and a sodk series. At this 
point a new principle Is introduced into the scheme, for in the 
Intermediate category unsaturated minerals—the feldspathoids^ 
may take the place of the (saturated) feldspars in ’^'aiying degree. 
Further, although ideally syenitic rocks should contain no quartz, in 
fact they grade into those of granitic composition, and it is eminently 
reasonable to include among the syenites those rocks which, al¬ 
though essentially sycnitic. yet contain the characteristic mineral of 
granites—quartz—in a subordinate idle. We agree with Shand in 
allowing a latitude of Ip per cent, but distinguish these over¬ 
saturated syenitic rocks as quartz-syenites, quartz-microsyenites 
or quartz-trachytes according to their grain-size. 

THE SYENITES 

WTien on general grounds a rock has been classified as a syenite 
it is ustially relatively easy to decide whether or not it is an under- 
saturated type, though in many cases a thin section is necessary- If 
no feldspathoid is discovered, the rock will be over-saturated if it 
contains any quartz, or saturated if that mineral is absent. Thus ail 
syenites belong to one of three categories: (a) quartz-^enltes, 
(6) ortbosycnites, (c) feldspathoid-syenites. The condition of e:^ct 
saturation is rarely achieve, and therefore orthosyenits (the ideal 
types) are correspondingly rare: most specimens prove to ba slightly 
over-, or slightly under-saturated. For purposes of description quartz¬ 
bearing and quartz-tree types are considered together; the felds- 
pathoidal types are describe separately. 

(a) gUARtZ-SVENITES AND ORTHOSYENITES 

In some of these rocks the feldspar is indubitably potassic; in 
others it is equally dearly sodic. This suggests the possibility of 
distinguishing potassic syenites from sodic syenites, and in many 
cases this can be done* hut there are difficulties. It may prove im¬ 
possible merely by inspection to estimate the balance of the alkalies, 
for the potash and soda are often ineictricably mixed in the perthitk 
feldspars. Further, a portion of the soda is frequently locked up in the 
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coloured silicates such as aegiriue. Tn any case, however, reference 
of a particular rock to one or other of these series is a matter of 
academic interest only: all the types of syenites are named on the 
basis of their mineral contents, not on their alkalinity. Notwith¬ 
standing this, however, it is a matter of convenience to deal first 
with the typical potassic syenites, then with the sodic types. 

The rock of Sycne (Assouan) in Eg^it, from which Pliny derived 
the word syenite, contains much quartz, and-is^ in fact, a particu¬ 
larly handsome homblendfi^granite. The rock selected by A. G. 
Wemer as representative of the type comes from Flauen, near 
Dresden, and is commonly known as the Dresden syenite. Wemer's 
purpose was to establish a type of feldspathic igneous rock having a 
granitic texture, but distinguished from granite hy the absence of 
notable amounts of quartz. But in spite of its popularity, the Dres¬ 
den syenite is not typical of its class in two respects: it contains too 
much quartz {from 6 to iz per cent)t and too much oligodase in 
some samples, the range being 3 to 37 per cejit+ Obviously not all of 
the intrusion Is syenite: the speGtmens with more than ro per 
quartz arc granites^ while those with the largest amount of oligo- 
dase are definitely monEonitic. Such variation is to be esepected* as 
the Dresden syenite is a satcUite of the Meissen granite^ 

In thin section the orthodasei uniformly twinned on the Carlsbad 
law, shows nodulose extinction due to strain, and must he carcfuUy 
distinguished from the oligodase which has the same habit, and 
displays Carlsbad twinning much more obviously than the Albite 
twinning. 

Tyrreil* has described from Spitzbergen a syenite much nearer to 
the ideal typ^. It is only just over-saturated (quartz, 3-3 per cent); 
feldspLT makes up 70 per cent of the rock, and is almost entirely 
microciine (66 per cent, with only 4 per cent oligoclase). CoLoured 
sil^^ates make up a quarter of the rock, biotite and augite being 
approximately equal. 

IdeaUy in sodic syenites the feldspar should be either albite or an 
albitic antiperthite. Albldte is of very rare occuTrenoe; but sin^ its 
discovery in Plumas County, Cahfomia (H, W- Turner, 1896), it has 
been found at Cape Willoughby, South Australia, and latterly in the 
Shetland Isles, Scotland.^ Albitite is nearly monominerahe, as albite 
is the sole ssential component: accessories occur in minute amounts^ 
and although its silica percentage is so high (68) quartz does not 
tj^ically occur+ Naturally albitite is white in band speomen, and is 
an extreme example of sodic leucosyenite.* 


1 Traiw. liii [1912). p. , ,,, o 

* F,, "An AlhiUte from Ve Slctmes. Mu, Afii*. Af^., 
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Syenites are rarely so extreme in compodtion as the Spitzbergen 
syenite on the one hand, and albitite on the other: as noted above, 
the majority are sodi-potassic, Ferthoslte^ (which would have been 
equally well-named had "perthitite** been chosen instead) b a good 
example of a sodi-potassk leucosyenite. With less than 5 per cent of 
dark minerals, the typ^rock consists of little else than mioroper- 
thitic feldspars. Analysis shows the rock to contain 63 per cent of 
silica, and, as might be anticipated, very high alkalies, with soda 
{7'4 per cent) slightly in excess of potash (5-5 per cent), 

Ciie of the first of these sodi-potassic syenites to be specifically 
named, and which has since proved to be fairly common, is nord* 
markltCp described by W. C. BrSgger^ from Nordmarka, imme¬ 
diately north of Oslo. The type may be concisely described a® a 
sodr-potassic quartz-syenite which approaches some granites in 
composition. The chief component is a reddish otthodase inter- 
grown with albite. Although the amount of coloured silicates is 
moail, near to the 3 per cent mark, riebeckite, aegirine and arfved- 
sonite may all occur. In Britain a syenite very near to nordmarkite 
forms the highest parts of the stratified laccolith of Cnoc na SroLne 
in AssjTit, northern Scotland, and occurs abo in the alkali-complexes 
of Ben Loyal 4 and Loch Ailsh in Sutherlandsbire. 

A very^ distinctive type, both as regards megascopic and micro¬ 
scopic characters is the very handsome Norwegian rock, widely used 
for omamental puqjoses, and termed JarvlkJte (or Jaurvigite) by 
Brdgger (XS90). The tjipc i$ characterized by its coarse grain and 
distinctive feldspars, which, especially on polished surfaces, exhibit 
a beautiful blue schillerization. They were referred to as anorthodase 
and were regarded as a oyptopeithitic intergrovilh of orthockse 
and oligodase. In this resp^ they are akin to the feldspars in the 
lava-type, kenyte (p, 255}. Recently, however, it ha^ been claimed 
that instead of a single feldspar-phase, there axe iwo present—oljgo- 
clase and aikah-feldspar. The former is larg^y antiperthitic and it is 
exceedingly difficult to identify as it rarely shows twinning. Actually 
the plagioclase member is mtricately twbned on the Albite Law, but 
on So fine a scale that the lamellae are invisible under ordinary con^ 
ditions. To complicate the issue still further, the twinning imparts a 
monDclinic symmetry to the optical orientation of the crystals. This 
elusive ifitemal structure finds outward expression in the develop- 


* ’We tue the prefix leuco to hidiciit^ figtit coloor -due to very 
undirnt Of eolonrod siiUcatee pTwat. The upper limit oi the lattei ii talcen *t 
5 per ceot r 

■ praister, J.. ^'Gt 61 oS 7 oi Stiath OykeU, etc,/- M™. Sum, StfliW 
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ment of a distiiictive crystal liabit under favourable condations. well 
exemplified in the rhomb-poq>hyTies described below. Larvikite has 
always been regarded a$ a syenite, but Id view of these facts, its 
retention in this family is questionable: some larvikites appear to 
be monzonilic in composition: the mibstanc£ of oligodase is present 
in the requisite proportion, whether it is intunately intergrown with 
the alkali-feldspar^ or occurs in discrete cr^^stals,* The specimen 
illustrated in Fig. 100 is apparently syenitic, howe^^erp and so far as 
superficial characters are concerned, it would be out of place among 
the monzonits. Larvikite grades into lardalite, in effect a nepheline- 
larv'ikite, but with albite in place of oligodase. 

On account of the dark colour of the feldspars, the coloured 
silicates are not obvious in larvikite, but are very distinctive 
in thin section [Fig. 100). These minerals occur in dots, and would 
be more "at home'' in a Basic than in an Intermediate rock^ for 
they comprise olivine (a fayalitic variety), and purplish augite, 
strongly schiUerized and irregularly rimmed with barkevikite. Lepi- 
domeiane moulds itself upon irregular masses of iron ore, while 
apatite in unusually large crystals is a constant accessory. 

Another type of sodi-potassic syenite is pulaskite, named 
from the type locality« Pulaski County, Arkansas [J, F. Williams, 
1890)^ Much of the twelve square miles occupied by the Ben Loyal 
Complex near Tongue in northern Scotland is occupied by syenite 
comparable with the original pulaskites. The chief component is 
antiperthite associated with a little aegtrine and accessories. In the 
Arkansas rocks nepheline occurs in small quantity in some speci- 
mens, but is not invariably present. But in view of the significance 
of nepheline, one name must not be used for undtr-aatiarated as 
well as saturated types* and while "pulaskite*^ is appropriate to the 
latter, the former must be dbtinguished as "nepheline-pukstite.*" 


[6) (fNDERSATUISATED SYENITES: NEPHELtNE- 
SYENITES AND EELATEn TYPES 
The rocks in this group have been classified in a variety of ways, 
and many of the rock-names in current use have difierent shades of 
meaning according to which authority is followed. Those critics who 
l^ent the multiplicity of rock-names find considerable cause for 
complaint in the nomendature of the nepheline-syenites. Consider¬ 
ing their comparative rarity, the number of nam^ types is unduly 


* T F. W,, ^ The tgueoys Rock ComplEaE of the Oslo Rcgkia^'; ii, 

Pfiwvrr&phy ikt Pluicmit Rocks, Odo, 1945, p, 76; bat 1?/, 
OftHlahl, C., ibid., Pt. ii. Tk» Feldspars [1945], jt pp, 

"The rgueous Rocks of AtkMiBu/' .rfnif. Rtp. Gnd. Smr. 0/ Arkamsas, 
p. 71^ 
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Further, most of them were named at a time when only one 
principle was tecognisEed—that of addiiig the unifoTTn termination 

to the place-name of the ortginal discovery. As a consequence 
many obscure little places in Russia, Greenland, Norway, etc. , have 
become immortalized as rock-names. Most of these names look 
strange to English eyes, and it is relief to meet "monmouthite"* and 
'‘litchfiddite." even when it is discovered that the type-localities are 
in North America. Naturally there is fiiU justification for cstabHsb- 
ing sufficient t3^pes to cover the main mineral combinations. In 
order of importance due consideration must be paid to the nature of 
the feldspar with which the nepbeUne is associated; the ratio of 
feldspar to fddspathoid; the nature of the coloured components; 
and possibly even textural qualities. It must further be borne in 
mind that the place of nephehne may be taken by chemically 
related sihcales, including sodalite, analdte and cancrinite; whQe in 
some types rare rniuerals which normally occur as accessories Only^ 
increase in amount until they have the status of essential com¬ 
ponents : eudblyte U a case in point. 

On general grounds the association of albite with nepheline may 
be regarded as most typical of the under-saturated sodic syenites. 
The degree of under-satuiation is widely variable, and therefore the 
ratio of albite to nepheline is correspondingly wide. As nephdine is 
a basic mineral, with very low sQica percentage compared with 
albite, richness in nepheline goes with poorness in silica, and some 
types with a typically sycnitic appearance—light colour and small 
content of dark silicates—are thoroughly basic. From most points 
of view it is a mistake to separate these rocks from the nephelme- 
syenites* with which they are genetically related. By contrast p the 
colour index of these rocks steadily increases until some have the 
aspect of basic, gabbroid rocks. Again their affinities arc strongly 
with the nepheline-syenites; but on account of their melauocratic 
clFaracter, jt appears to be inappropriate to group them with the 
syenites. We therefore group with the Basic rocks those consisting 
of nepheline p feldspar and coloured silicat®, provided that the 
colour index i$40 or higher.* Of those containing less than 40 per cent 
coloured minerals, it seems desirable to reoognbe three types: 
(a) with albite in excess of nepheline; (&) with nepheline exceeding 
^bite; and (e) with nepheline only. 

(a) Muiiupolite (Morozewici, 1902) is a good example of the 
type in which albite heavily outweighs nepheline, the former making 
up approximately three-quarters of the rock, the Litter only 13 per 

■ Hivisg adopted tbe colour Ladex of 40 to separate (Xotermediate) diorites 
from {Buie) (p. we uhc the ssjue hgurc for a rtimilar purpofio 

hetfl. The alteniative would be to caU these rocks "oepheline-mek^efutra." 
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cent, while in the type-rodt aegirine (7-5) accompanies lepido- 
mdane (4). 

Monmotitbke is representative of the second cati^ory: it is 
complementary to mariupoUte. as rather more than three-quarters 
of the rock consists of nephehne. The amount of coloured mineral is 
less than in marinpolite, but in spite of the low colour index, this 
rock contains only 40 per cent of silica. 

(c) The extreme of this line of variation is represented hy urtlte 
which contains no feldspar. This thoroughly basic rock is described 
in a later chapter. 

It may he noted that in each case the type-rock contains a speci¬ 
fied coloured mineral (or minerals). Further discoveries may prove 
rocks to exist in which the ratio of feldspar to feldspathoid is the 
same, but the coloured minerals may be different from those in 
the type-rock. Such cases should be covered by the use of appro¬ 
priate qualifjTng adjectives, rather than by the introduction of new 
names. 

The tj-pes so i^ar noted are rare, even among nephcline-syenites. 
In the great majority of cases, the feldspar is not pure albite, but 
either the latter associated with orthoclase, or an intergrown sodi- 
potassic type. Litchfleldite, named from Litchfield, Maine, is close 
to mariupolite in general character, but although albite is the 
dominant feldspar it is accompanied by micfodine. The type-rock is 
white with scattered black lepidomelaue cr^'stals, lemon-yellow 
patches of cancrinite, and a little sodalite. For the sake of con¬ 
sistent we would prefer to name the type-rock sodalite-litchfieldite 
retaining the name with<iut qualification for the combination 
nephdme, albite and orthoclase (or microdine). with coloured sili¬ 
cates in variety. Whether in such cases "cancrinite^" should be 
added to the rock-name must depend upon whether it is a primary 
constituent or not. If not, it is of no more significance than any other 
alteration product. ^ 

Foyake, so named by Blum (t86i) from the Foya ^eak in the 
Serra de Monchique, Portugal, is probably the most widely distri¬ 
buted type of uephdine-sycDite. It is a leucocratic coarse-grained 
rock consistmg of nepheline, perthitic feldspars and subordinate 
colour^ minerals. Specimens from several different alkali-complexes 
m VMOUS parts of the world appear to conform to a type in which 
rougUy one-quarter of the rock b nepheline; potassi-sodic feldspar 
( soda-orthodase ) makes up about 6a per cent, a sodic pyroxene 
sme 10 per cent, and sphene and other accessories 5 to 6 per cent. 
The nephelme is usually interstitial to the flattened white Ublets of 
feldspM, but may be cuhedraL When somewhat weathered the 
nephelme turns red and contrasts strongly with the white feldspars 
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and bbck pyroxenes. In the PikAnsberg ring-complex a white 
sodalite-foyaite occurs, which ^^glitters in the sunlight like marble.^* 
Another occurrence described by Shand as foyaite should, in our 
opinion, bear a dMerent name, for the feldspar is an apple^green 
mocrodine: Le., it is wholly potassic, and therefore the rock has the 
same stains as maxiupohte. 

The mmcral which most commonly acts as proxy for nepbeline is 
the allied silicate, sodalite. As noted above, sodalite is liable to 
occur^ in a very Bubordinate capacity^ in such types as foyaite. As 
soon as it attains to the status of an essential component, a new 
name is required. DitrOlte^ described by Zirkel fiS6b) from Ditrd in 
Transylvania, is such a rock. In it nepheline maybe as abundant as 
feldspar (microdine-microperthite m the type-rock]^ and is accom¬ 
panied by both sodalite and cancrinite. The latter is apparently 
secondary after nepheKne, ^Tiile a green biotite occurs in some 
Specimens from the type-area, aegirine-augite rimmed with very 
dark green arfvedsonite is iiiore characteristic, Ditrdite is a sodalitC' 
bearing nepheline-sycnite. Obviously with the rMcs of the two 
feldspathoids reversed, the rock must be a nephehne-bearing 
sodalite-syenite. The true sod a Ute^syenlte^ containing no nepheline, 
lies at the end of this line of variation, and is represented by a rock to 
which this name was originally given, occurring at Julianehaab in 
Greenland. Sodahte is not particularly abundant in it^ amounting to 
some S per cent, but i$ the only feldspathoid present. Much of it is 
interstitial to lath-shaped sections of micfoline'microperthite, but 
some of it occurs in the form of euhedral rhombdodecahedrons em¬ 
bedded in the feldspar- It is thus obviously primary. Sodahte-ricb 
syenites are rare; but an example from St. Hilaire Mt., Quebec, 
contains up to 70 per cent; while a facies of the sodalite-syenite in 
Greenland grades into an almost pure sodalite rock, of an intense 
blue colour** 

* It is apj^opriate to consider analcite-syenlte next^ if for no other 
reason than the dose similarity between sodalite and analctte. Both 
are cubic, colourless and have low refractive indioes, and there is no 
easy optical method of differentiating betw^een them: a micro- 
chemical teat is the only certain means of distinction. "AnaJdte- 
sycnite*' used without quaMers imphes the association of analcite 
with alkah-fejdspais and Coloured minerals. G. W. TsTrell* has 
described a coarse-grained analdte-syenif e from an Ayrshire locality+ 
The dominant mineral is anorthedase rimmed with orthcKlase^ and 
it is accompanied by some plagicdase. The dark minerals are 
titanaugite rimmed with aegirine, and barkevikite. All these minerals 

* RoScnbDFch, MikwiUCiipiSji^ht Physit^rapkit. 1-907, p- 340-. 

1 Qtutr. Jtmm. Ctal. buExiv (Z93SJ, p, 54*. 
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are embedded in an abundant matris of analdte. In this locality the 
analcitfrsyenite forms the upper part of a composite sill, the lower 
of which )s a basic analcite-gabbro (crmanite). This suggests 
that analote-syenite is a differentiate of a basic magma carrying 
the cofiatituents of ^aldte. The occurrence of thin veins of the 
former in a differentiated teschenite sill at Hailcraig in Fifehire* 
supports this hypothesis, as teschenite is closely similar to crinanite. 
^ y nepheline^syenite is liable to contain canciinite, In man y 
instances its relations to the nepheline indicate that it is an altera¬ 
tion produrt of the latter; but in other cases it is not only more 
abundant, but it has the status of an essential component, and in 
appea^ce seems to be primary. By analogy with other types con¬ 
sidered above, such rocks are oancrinite-bearing aephcline-syenites 
(not oaRcnnite-Byenites). 

Nepheline^yenites and more particularly the pegmatitic fades 
are noteworthy on account of the wide variety of accessories they 
contain. Many of these are titanium and zlrconiiini silicates. One of 
^e more sinking is eud^yte, which in some rocks is obvious in the 
hand specimen, and which rarely ranks as an essential component. 
EudlaJjrte-nephellBe-syemte. named "chihinite" from a locality 

S® “ the U.S.S.R. is a very strildng.iooking rock 

m the hand st^eu; it consists of black aegirine prisms and Mght 
cheiry-red eudialyte* in a matrix of nepbdine and microperthite. 

Finally, reference may be made to another rare typ^oru^dum - 
syeidt^which ^rs in the Haliburton-Banemft area in Ontario! 
Md m the Mountains.* The rock from the latter locality oon- 

'V ^ ui^der-satLated 

syenites in virtue of the presence of corundum. This mineral makes 

^rthite, the third wmponent being biotite in very small amount, 
ne Radian specunens on the other hand are corundum-bearing 
neph^e-syenites, often of pegmatitic fades. The origin TtSe 
conmdum-beanng syenites is discussed in a later chaptw. 

RELATIONSHIPS AND ORIGINS 

Syenites do not form large individuaiiaed intrusions, but occur as 
marginal faaes ot. or offshoots from granitic masses. The well- 
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known Ditesden syenite^ for example, is a fades of the much larger 
Meissen granite. In such cases it is evident that the parent magma 
was acidic rather than syenitic, and that a portion of it siiHered 
desilication to produce the syenite. This process probably involved 
reaction between the granitic magma and its roof- and wall-rocks. 
Syenites showing rather difierent relationships occur in the Bancroft 
area of the Canadian Shield. They surround elongated cores of hom- 
blendite, and are themselves surrounded by granite, the Implication 
being that the syenitic fades is a product of local reaction between 
granitic magma and ultramafic rock. Some of these Bancroft syenites 
are typical perthosites containing up to $9*5 per cent perthitic 
feldspar; but others contain quartz which increases as the perthites 
decrease, until it reaches over a6 per cent. These quartz-ridi rocks 
are, of course, granites as defined above. 

Trachytes, as explained below (p. 250), arc associated in the field 
with basalts, and are commonly regarded as differentiates from a 
basaltic magr^. The magmatic ori^ of these trachytes, therefore, is 
beyond question and there must locally at least be trachytic, that b 
syenitic, magma in the earth's crust. Naturally if thb magma con¬ 
solidates at a sufficient depth bdow the surface, syenitic rocks, 
produced by direct crystall^tion from a syenitic magma, must 
result. Thus syenitic rocks originate in two quite different ways. 
There b a third possibility. In theory basic magma may bo enriched 
in silica and alkalies to the paint of becoming "Intermediate** in 
composition, and potentially syenitic- A small scale demonstration 
of thb process has been described from the island of Cobnsay off the 
Scottish coast. Here hoitiblendite occurs- which is heavily charged 
with xenoHths of quartzite, each one of which is insulated, as it were, 
by a narrowzone of syenite.* The extent to which direct feldspathiza- 
tion of country rock may give rise to syenite by ionic migration b 
still uncertain; but the possibility must not be overlooked. 

Origin of ike Nepheline-Beuring Rocks. 

Nepheline-bearing intnisive complexes are rare* and the largest 
Imown are very small compared with the great acid and basic intru- 
sives. The three largest are in the Kola Peninsula, U.S.S.R., Pilaans- 
berg, a ring-complex within the Bushveld Complex in the Transvaal* 
and a part of southern Greenland l the areas of the nepheline-bearing 
rocks are 760* 200 and about 100 square miles rcsi>ectively, la addi¬ 
tion there are many smaller introsions, some of which are well 
known by reason of the problems of origin and association they 
present. 

As regards origin* there appear to be two imjxirtant hictors: 

“ Heynciids, D. L.^ Min, xsdv p. 367+ 
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firstly, concenlratiOTi of volatiles, as evidenced by the eoansc grain 
of the rocks, and by the extraordinary variety of rare accessory 
minerals found in them, paiticulaxly in tbo&e of peginatitic faci^. 
Secondly, the dose, often intimate asociatioji: with carbonate-roeks 
is dgnificant. 

Shand has made a <areful study of these rocks, and has collected 
an impressive amount of evidence to support Daly's contention that 
the essential process ccmcemed b desilicalfon of the original magma 
as a consequence of assimilation of limestone.* Through the early 
separation of Ibne-bming $ilieates> the magma i$ depleted not only 
of silica, but also of calcium and magnesium, with two important 
consequences. Firstly* the diopside molecule b not available for the 
pyroxenes and amphiboles, so that the place of common angite and 
hornblende in normal rocks b taken by the sodium-iron amphibolcs 
and pyroxenes, which are almost invariably associated with the 
nepbeUne, Secondly, nephdinc crystallbes in place of plagiodase. 
Among the limc-rich minerals produced during desiUcation, diopside, 
melanite garnet, sphene, apatite, melilite and perovskite are impor¬ 
tant, and tend to be concentrated in the more basic members of the 
complexes. 

Apparently both granitic and basaltic magmas may su£fer desili- 
cation in this way. In the Bancroft area of (^tario, within the out¬ 
crop of the GrenviUe Limestone, over twenty granitic intrusions are 
associated with foyaite, the latter being invariably marginal to tbe 
granite.^ The^e constant field-relations strongly suggest, if they do 
not prove, desilication of the granite to produce the foyaite. 

On the other hand, Tilley has described very fully a basaltic plug 
intrusive into Chalk, and in the contact-zone nephelme-bearing rocks 
have been developed on a small scale. Thus it appears that desilica- 
tion of granitic or basaltic magma is one w^ay in which nephcline- 
bearing rocks are produced. 

Bowen has stated tlie case for the genesb of feldspat^oidal roCks 
in ways which do not involve limestone assimilation. He claims that 
a magmatic fraction of the requisite composition to y^ield felds- 
pathoids, may r^ult during the normal course of crystallization 
differentiation. The original magma is believed to contain potential 
KAlSLjO* as weU as NaAlSijOs- With a particular concentration of 
volatiles, particularly (OH), tbe feldspar molecules tend to break 
down info KAlSiO^ and NaAlSiO^ and sUica. The kalsiiite molecule 

* DaJ^^ R. A., Emptivi and Edn., 1^3, chap. xviLi- and Sband, S. J., 
"Tic present itatiis of TJaly's h^thesu of the BJkaJine roclcs," Am. Jowm. 
Sa. (tfeJy Volunie), io^5p 4O5. 

'■ A recent dnt^tion oi this Important area ta contained in "AlkalEfie and 
Carbonate Intrusive^ near Barntroft, Ontario/' by F, Chaye?, Bntl. G*yl. 
Arntr., liii (i^aj, p. 44^. 
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goes into biotite, with the hydroxyl; the sUic^ released by these 
reactions crystallkes as quart^p and the residual ma^a at this 
stage contains potential nephdine. 

There remains for consideration another possible means of pro¬ 
ducing nepheline-syeniteSp again one involving carbonates and 
desUication^ but with the rftJes reversed by comparison with the 
Daly-Shand process. In the latter, the carbonate b the passive 
participant; but the field relations of some alkah-syenite complexes 
has led to the formulation of a hypothesis in which the cartouate 
participates actively in almost dramatic fashion. 

Massive caldte occurs as vent intnisions in Nyassaland/ it forms 
veins and dykesp for example, in the Fen. area in Norway; and cone- 
sheets concentrically disposed about a central plug-like boss at 
Alno, Sweden. In these and other areas in Central and East Africa 
the intrusive carbonate-rocks or carbonatites are so dosely asso¬ 
ciated with crystalline silicate rocks as to prove community of origin. 
Much discussion has centred round the problem of origin of these 
rocks, and of the genetic relationship between the carbonate rocks 
and those of igneous aspect with which they are associated. At Fen 
and Alno the country rocks are Archaean gneisses; there b no lime¬ 
stone available for assbmlatlon. At Alno in particular, according to 
one interpretation of the evidcnccp the carbonatites were produced 
by differentiation of a magma initially rich in alkalies and dissolved 
COa and other volatiles. These at times exerted sufficient pressure to 
cause fracturing of the countr>^-rock around the magma column, to 
form suites of carbonatite cone-sheets, initially dolomitiCp but later 
becoming calcitic. Concurrently with the magmatic differentlationp 
solutions and gases includmg CO^ reacted with the surrounding 
gneisses, producing zones of decreasing metasomatism concentric 
with the carbonatite centre. One of the chief effects was desUication 
which produced metasomatje syenites termed fenltea. Nearer to the 
celitre of activity nepheiine-sycnitc magma was ultimately produced 
which, by normal processes of differentiation gave rise to a series of 
rock- types varying widely in compo$ition, from nephelme-leucosyen' 
ites to ultramafites. Some of thesCp Lncluding porph>Titic micro- 
foyait^, occur in radially disposed dyks. 

THE MICROSYENITES 

The microsyenites are the medium-grained equivalents of the 
syenites on the one hand and the trachjles on the other. They are 

^ Dix^y, F., Campbell Smith, W„ and Buset, C- B., '“The Chdwa, Sciin of 
Southeni Nyakaisiod/“ Surv. ff^yaastijxnd, BvU. 5, 1037. 

^ Ecktrmann, K. von, ”Tlie Alkaline Dutnet oi Auio Island/' Svmges 
Ctol. 1948, Scr. Ca,> No. alAO Miw. Mag., xxix (1950^ p- 308. 
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not coininoii rocksp and m this respect are less important than either 
of the other grain-size groups. Several alternative names have been 
applied to them in the past, some of general signiGcancep others with 
more specific meaning. As mo^t of these rocks arc porphyritic, with 
more or less prominent phenocrjpsts of orthodasep they have been 
collectively grouped as "'porphyries" (as distinct from '"quarb^- 
porphyiieSp" which are Acid rocks of the same status, but of 
granitic composition, of course). In a fonner edition of thb book we 
used ""microsycnite" for aphyric types, and ‘"syenite-porphyry"" for 
those with phenocrysts. It seems better to call ah these rockSp 
regardless of texturep by one name, and by analogy with the granitic 
rocks, microayenlte seems the obvious choice. The two textural 
variants are then "'aphyric microsyenites" and ""porphyritic micro- 
syenitesp" the meanings of which are self-evident. 

As regards mode of occurrence, these rocks are intrusive; but the 
mere fact that a syenitic rode occurs as a sLU or dyke does not auto¬ 
matically entitle it to the name micTosyenite. The latter should only 
be used if the rock is of medium grain; if of fine grain, it must be 
termed trachyte, if preferred with the prefix ""intrusive"" to remove 
any possible doubt. 

Certain of these rocks are definitely potassic, and difler from the 
Corresponding syenitic and trachytic types only in grain size. 
PotasflJc mlcrosyenjtes often have a distinctive texture referred 
to as orthophynCp in effect a coarser trachytic texture resulting from 
the dose packing of short stout prisms of orthoclase. Orthoclase is 
the dominant mineral, often occurring in two generations, and 
accompanied by hornblende, biotite, and in the more acid examples^ 
by a little interstiti^ quartz. A particularly good example of a por- 
phjTitic potassic microsyeuite occurs at Goodsprings, Nevada, and 
is noteworthy for the beautiful phenocrysts of reddish orthoclase 
crystals, of simple fonn, for which it is famous. The periect crystals 
from this rock are to be found in all good teaching collections. Tile 
groundmass also consists chiefly of orthoclase, and the amount of 
coloured minerals is small, as in most sy'cnitic rocks. 

If the magma from which these potassic microsyenites were 
formed became desibcated, leucite might crystallize at high tem¬ 
perature, but on account of the slow loss of heat under intrtisive 
conditions, it would invert into pseudokudte^ with falling tempera¬ 
ture^ and the rock would contain pseudolcucite and orthoclase^ 
the^ proportions depending upon the degree of under-saturation 
achieved, accompanied by coloured silicates of the appropriate 
composition. Such a rock would be exactly analogous with pseudo- 
leudte-syenite on the one hand and leucitophyre on the other and 
forms the connecting link between these two types. It is equally 
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rare; but occuixenoes have been noted at Magnet Cove, Arkansas, 
and elsewhere, 

Sodlc mlcrosyenltes compare closely with corresponding coarse¬ 
grained rocks, with which they are intunately associated ia the field, 
either as marguial phases, or as dykes and sills. Provided the general 
principle of naming such relatively finer grained facies of distinctive 
plutonites after the latter as explained above {p. 231) is accepted, a 
clearer picture is evoked by using such s^^cific names as micro- 
larvikite and microfoyaite, for example, and further description is 
scarcely necessary* U^ortunately even to-day names are applied to 
such tocMs which give no indication whatever of their relationship to 
other named parental types. Thus bi a recent revision of the classic 
Oslo petrographic province, the relatively finer grained larvikites are 
called akerites. 

The Oslo district also is famous for its "Thomh'porphyries/' * so 
named by von Buch (1870) on account of the distinctive shape of the 
crotss-sections of the fddspar phenocrysts. These rocks occur as 
lava-flows and dykra, and, ^though some are definitely fine-grained, 
most measured specimens He just over the boundary between fine 
and medium, and are therefore appropriately considmd bene. 
Further, the composition of the rocks varies widely: some are 
monzonitic; but others, with a very low content of An (less than 
1 per cent in extreme cases), are clearly microsyenitic. The pheno^ 
crysts are antiperthitic, the dominant partner being ohgoclase or 
andesine, rimmed with and veined by ''anorthoclase” to the extent 
of 30 to 50 per cent of the whole. The groundmass feldspars are 
micrDlites of anorthoclasa, approximately Ah^tOr^^Au^. In mineral 
composition, therefore, rhomb-porphyries must clo^ly resemble 
larvilrites, with which they are presumably consanguineous. We 
consider '"porphyritic microlarvlMte " to be an appropriate name 
for them. 

^nder-s^iturated types of microsyenites are well exemplified by the 
microfoyaite type, which is the miaeralogical equivalent of foyaite, 
in the medium grain-sise group. The essential components are 
therefore alkali-feldspar and nepheline associated with such minerals 
as aegirine, aegiriue-augite or riebeckite. These mineral names may 
be prefixed to the rock name to give added precision, Riebeckite- 
microfoyaite grades into the commonest type of phonoUte as the grain 
becomes finer; aegirine-microfoyaite simUarly grades into typical 
tinguaite* Sband has employed "microfoyaite"' to distingubh certain 
fine-grained facies of foyaites occurring in the alkaii-complexes of 

k C.* ''Studies on thm Igntotia Rock Cdoiplex cl the Hegioa. 

vi. Oil Akentes, * . . and Rhomb-Poii^ynes/^ Skr, od Dd Norsk* Vidmsk,- 
Akmi. 1^46, No. p. 37^ 
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Spitzkop and Pilaansberg in South Africa. This precedent may well 
be followed, without rigid adheneiice to a fixed of grain sire: the 
thing that matters is that there is an appreciable difference in texture 
between the parent rock and the fades which it is desired to indicate 
as something different. 

SYENITE APLITES AND PEGMATITES 

Syenites are tare rocks, of very limited distribution. It follows 
therefore that sycnitic rocks analogous with the granile-pegroatites 
already considered, will be very uncommon. They do occur, how¬ 
ever, particularly in S. Norway where they are important on account 
of the rare minerals some of them contain. 

In regard to syenite-apHtes, bearing in mind the nature of the 
syenites, and the improbability of there being extensive bodies of 
syenitic magma, it follows that the aUcali-rich residua, comparable 
with granitic aplites. must be exceedingly rare. Further, as syenites 
themselves are notably leucocratic rocks, it must prove very difficult 
to be certain that a given rock, suspected of being a syenite-aplite, 
is really such, and not merely a hne-grained fades of a normal 
syenite. The bostonJteSt named by Rosenbusch (r8Sa) from Boston, 
Mass., are hne-grained rocks, occurring as dykes, and closely re¬ 
sembling trachytes in appearance, hlinfsralogioally and texturally 
these rocks are Icucocratio microsyenites or intrusive trachytes as 
the case may be. If the relations of these dyke-rocks to the parent 
mass are the same as those obtaining between granite-aplite and 
granite, then they are syenite-aplites; and if they match the type 
bostonites in the details of their mineral contents and texture, then 
they are sycnite-aplites of the Boston type, or bostonites. 


THE TRACHYTES AND RELATED TYPES * 

rt 

The fine-grained members of the alkali series of rocks of Inter¬ 
mediate composition are the trachytes, which thus correspond in 
mineral content with the syenites. The name trachyte was first 
applied to all volcanic rocks that, on account of vesicularity, were 
rough to the touch. Later the term was restricted, first to la^'as of 
Intermediate composition, and later to those containing dommant 
alkali-feldspar. Trachytes are readily divided into three groups on 
the silica-saturation principle: («j) those containing free silica—the 
quartz-trachj'ics; (&) those which are exactly saturated^ containing 
neither quartz nor feldspathoid—the ortho-trachytes^ and (c) those 
which contain an unsaturated mineral of felsic type, including 
nepheline. leucite and other feldspathoids. 

# i # 
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(a) QHari^-irachyies OrihohackyUs. 

Repetition is prevented by describing these two categories to¬ 
gether: the sole diilereoce is the occmrence of accessory quartz in 
the former. In theory, the same degree of latitude is allowed as for 
the syenites: quarta imy occur up to 10 per cent of the whole rock. 
It never occurs as phenocrysts, but is restricted to the groundmass, 
where it may occur as interstltiaLl grains lying between the fddspar 
microiites, or it may form micropoikilitic patches, optically con¬ 
tinuous over an area which may iudude parts of a number of feld¬ 
spar microUtes: in other words, the quartz forms little 'lakes'* in 
the slide into which the ends of a number of micfolites of feldspar 
may penetrate. Thus in so far as the mere names of the component 
minerals are concerned, there is nothing to choose between quartt- 
traohjie and rhyolite. Actually the amount of quartz in the former 
is much smaller than in an average specimen of the latter, while 
texturaJly they are very different. Although a little glass may be 
present, trachytes are not notably vitreous. Most trachytes are 
porph3rritic, with phenocrysts of feldspar, often of large siie. The 
groundmass is typically luicrDlitlc: it consists of dcksely packed 

microlites, lath-iike in shape, and several times longer than they are 
broad. On account of flow movements in the msgina they are often 
in parallel alignment. At Its best, therefore, the tracf^lic Uxture 
involves a close packing of feldspar microlites which often exhibit 
flow structure (Fig. loi)* The amount of coloured silicates in trachytes 
is small: they are therefore light, both in colour and weight. 

In some instances it is possible to subdivide further, on the basis 
of the dominant alkali, and to classify the rock as a potassic or a 
sodic trachjrte respectively. In the former, the feldspar is sanidine^ 
ideally, and is accompanied by ordinarj? biotite, clino-pyrozene or 
hcmbleude. In the latter the feldspar may be albite, but is cooi- 
iqpnly a sodi-pota^ic type, while the coloured silicates are the dis* 
tidctivcly •coloured soda-iroa amphiboles and pyroxenes, already 
noted in the syenites of comparable tjpe: wr., aegirine, riebeckite* 
cossyrite, etc. It is important, however, to note that in some trachytes 
while the feldspar is dominantly potassic, the coloured mmerals may 
be strongly sodic. Thus one such rock has been described consisting 
of nearly 90 per cent of saniditie, the rest consisting of aegirine and 
accessories. Thus although the rock is an aegixine'tx^cbytei it is not 
a sodic type^ but potassi-sodic. It is customary to prefix the rock- 
name with that of the coloured mineral, and to speak of hiotite- 
trachyte. homblendc-trachyte, augite-trachyte, riebecldte^trachyte, 
etc* 

The Brachenfels trachyte enjoys the reputation, among trach^es 
of the Dresden syenite among th^ sjtenites: but like the latter it is 
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Trathytfrf Solfatam^ The principfd phenDCfyst^ ar^ of unidine, oft^n 

iormwg brpe crystAld. Ol^cclase occurs m le&s ibundance. Tte 
^TOUDdm&sa £s almdwt whully composed of sanidmo latha, though apijsft 
mtera titiAl ^tcheis of isotropic ^lass occur. Coloiurcd minerab indude 
pale bniiWii bomblendc^ and |;reei]is>li su^ite, sometimes id poiMUtic plates 
(not showzij^ 


not aji type—it contains a. good deal tnore oligoda^ than a 

typical trachyte should- It is noteworthy for the extremely large 
size of the sanidine phenocrysts^ which measure over on inch in 
diameter; Much smaller pkgiodases also ocenr^ embedded in a light 
cream-coloured matrix. 

■ * I 












THE INTERMEDIATE IGNEOUS ROCKS 


249 

A more typical trachyte is iUnsttated in Fig. loi which represents 
a rock of this type from the Solfatara volcano near Naples. 

Trachytes occur in the closest associatioii with bas^ts, not only 
m recent lava fields^ but also In those of earlier geological periods. 
Thus among the Ordovician volcanic rocks in North and South 
Wales, and those of Devonian and Carboniferous age in Devon and 
Cornwall, trachytic rocks occur, occasionally as lava Sows, but more 
commonly as minor intrusions. As a rule in these ancient emptives 
the coloured minerals are so much altered that it is impossible to 
state their original nature. They arc often somewhat over-saturated^ 
and while in many the feldspar is pure albite^ in some it is a strongly 
sodi-potassic type. In this country it is custotnary to refer to these 
alhitic trachytes as keratophyresi particularly when the associated 
basic lavas are also albitic—the so-calkd spiht^^ 

Equally strongly sodic trachytes, probably of Carboniierous age. 
occur in the Eildon Hills near Melrose, southern Scotland.^ These, 
however, are in a much better state of preservation, and contain the 
sodic amphibole, rieheckite^ in the characteristic ^'^mossy"* aggre¬ 
gates. From the Tertiary volcano of Mull,* a similar trachyte occurs, 
but contains approximately equal amounts of aegirine-augite and 
riebeckite. 

A wide variety of trachytic rocks have been described from the 
neighbourhood of Mt^ Kenya^ Kenya Colony.! In the direction of 
increasing acidity they grade into sodic rhyolites^ and ia the other^ 
with the incomirtg of nepheline* into phonolites. They dosely re¬ 
semble the suite described by H. S. Washington from Pantdleria^ 
near Sicily .4 particukrly in contauiing the rare sodic amphibole, 
cossjTite. Those rocks to which the name pantellerite was originally 
applied are apparently thoroughly add (with silica percentage up to 
70) , and are dis^tinctive by virtue of the occurrence of phenocrysts of 
anorthodase and cossyrite, usually assodated with pyroseenea. Some 
contain quartz phenocrysts, and are evidently so^c rhyolites, of 
sp>ed9d type; but in others quartz is no more than accessoryand the 
groundmass is tiacliytic. Such rocks, both in the type-locality and in 
Kenya, are aptly called pantelleritlc trachytea.^ As a point of detail 
it may be noted that the quartz-free members of this Central African 
suite contain small amounts of olivine. This is also true of the 

» Lajd^ M'Robert, Quof. Jomm. Gtol. Sac., Lex (1^14), p. 30J. 

■ '"Tertiary ami Poat-TeitiBiy Gedlogy of Mull, " Mem. Ctol. Smtv., Scet- 
liud, i^^4, p. 191. 

3 Campbell Smith, W., ""A ClaseiAcmtba oi some Rhyolit«, Tnchyteftaad 
PhjouolitM fram p«rt of K^^ya Colony/^ Quor. /<wnv. 5oc„ bjixviii 

p. 

* 'The Volcuio and RKka of PinteUe™/* Joum^Gsoi,, xu (19x3), p. 683: 
■fld ixii p. tC-. 


250 THE PETROLOGY OF THE IGNEOUS ROCKS 

trachytes which occur in the puys of Auvergne: S. J. Shand^ has 
shown that the wdl'known rocks from Mt. Dor^ contain about 2 per 
cent of this mineralp which is a rare constituent of coarsegrained 
rocks of like composition. 

White-weathering trachytes contrast spectacularly with the finely 
exposed modem basalts of the oceanic islands such as Ascension in 
the South Atlantic. There is little doubt that in Carboniferous times 
the Midland Valley of Scotland must have presented much the same 
aspect. In what has survived of this lava-field trachytes form occa¬ 
sional flowSp but more oommonly occur as minor intrusions and vent 
infiUingSk due doubtless to the high viscosity of the magma. This is 
true not only of this la%^a-fidd, but also of those elsewhere and of 
other ages. Further, many of these rocks exhibit some d^ee^, 
usually slight^ of under-satnratiou, and are therefore considered 
below* 

As a consequence of their close association with basalts in the 
field, it is inferred that both trachytes and basalts were derived 
from a common magmatic aotiroe: in fact^ trachytes are regarded by 
many as being the ultimate products of diflerentiation of a world- 
enveloping basaltic magma. 

(t) Under-saiur^U^ TTsci^ft€si PhmoiUes and Liutihphyres. 

Phonolltea are the fine-grained equivalents of the nepheline- 
syeniteSp and therefore consist essentially of nephdtine, alkali- 
feldspar, usually sanidine, and a ferromagniesian mineral which may 
be aegirine, aegirine-augitCp arfvedsonite or riebeckite, and rarely 
cossyrite. The presence of nepheline should be suspected in any rock 
carrying these sodic amphiboles and p3fToxene5p and careful search 
will usually reveal the characteristic tiny square or sLx-slded sec¬ 
tions {Fig. roa)* When the nepheline is interstidal to the feld^par^ 
however, it may prove very dusi^^e, and a staining test is called for* 

In band-specimens phonolites are very compacts grey-green roefcs 
which are supposed to give a sonorous ring when struck by a hammer 
—hence their name, which is a classical rendering of au old termp 
"dinkstonCp" used by A. G. Werner with the same significance. 
Texturally most phonolites are porphyritiCp the phenocrysts in- 
cludJng both nepheline and sanidine. A very well-known example 
which is found in most teadibg collections is figured below* 

The quantity of nepheline in phonolites is very variable, and it is 
clearly necessary to distingubh between those in which the miueral 
has the status of an essential component, and those in which it is an 
accessory only. The latter are the connecting Irnks between the true 
phonolites and the true saturated trachytes. In the sense that they 
^ * G^. p. 5&. 
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consist of the minerds appropriate to trachyte* with ncphdlne in 
addition* the logical name for them is nephehne-trajchyle; but as 
Johanssen and others unfortunately have already used this tenn in 
another sense* the altemati^'e of phonolitie tra^yte inay be used. 
An example familiar to Britbfa petrologi$ts forms the Traprain Law 
Laccolith in Haddington^ Scotland. The greater part ol this rock 
consists of duxionaJly arranged laths of aikdi-feldspar* and the 
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Pb^olitv^ EtqXk Bohemift. BvUi wiidinq uid dcciir in cryitalM of 
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c&m by dork poikUitic TicKckite ag^irgitu. 


nepbeline^ whidi only amounts to 4 per centj is elusive in thin 
sections; but it is supported* as it were, by 20 per cent of analdte 
and a few grams of sodalite.* Strictly the Traprain Law rock b a 
sodalite-bearing phonoUtic analdte-trachytep 
Even closer to trachyte is a similar rock which forms a plug^ 
known as the Bass Ho^ in the Firth of Forth* Scotland^ Soda- 
orthodase makes up 85 per cent of the rock* nepheline* ssodaiite and 
analcite aU occur* but only in very small amounts* about i per cent 

I 

* Matgregor, A. G.* Ce^. lix (1922)* ^ 





£5^2 the peteology of the igneous rocks 

while the coloured silicates are aegihne-augite and fayalitep totaJliug 
some 8 per cent. 

The phonolRe which forms the Wolf Rock oE the Comish coast is 
much more typical than these Scottbh rocks. In addition to nephe- 
line it contains much greyish nosean, and the term nosean- 
phonolite is applicable. SknUarly, $odalite-pboiiOllte contains all 
the minerals of typical phonolite, but in addition sufficient sodahte 
to be regarded as an essential constituent. The volcanic tract in 
Turkana, Kenya/ has provided a good example—a dense fine¬ 
grained green rock, which under the microscope is seen to be com¬ 
posed chiefly of laths of orthodase (sanidiue), grains of aegiriae and 
small poikilitic patches of sodic amphibolep together with abundant 
though small (o*o^5 mm.) euhedral sodahtes. The rock b, of course, 
the ine-graiued equivalent of sodalite-syenite. 

By analogy, Leuclte-pbonollte should contain the minerals of 
true phonolite, with leucite in addition. The rocks of the Roman 
volcanic province provide examples. Leucite and aegrrine-augite 
occur as pheuocrysts, while the groundmass consists of soda^rtho- 
dase, nephehne, aegirine-augite and sometimes sky-blue haiiyne. 
With ino-easing leucite and decreasing nepheline, Icudte-pbonolite 
grades info leudtophyre, which typically contains no nepheiine. 

Of rather special interest are the basic, phouolitic trachytes of 
Ken]^ type* named Kenyte by J. W. Gregory/ from the type- 
locality, Mt, Kenya, Kenya Colony, but known to occur also at 
Mount Erebus* AntarcticaJ The distinctive featiine is the nature of 
the feldspar which occurs as large prisms, rhombic in cross-section, 
oif anorthoclasc. In shape, if not in composition^ these appear to be 
identical with the felds^rs of rhombic q'oss-section occurring in the 
Oslo larvikites and rhomb-porphyries. In this and other respects, both 
chemical and miiieraJogical—the occurrence of small quantities of 
olivine and nephclmei—kenjte closely resembles lai^kite and 
laurdalite, and it i$ undoubtedly their fine-grained icquivalent. 
Rhomb-porphyry is the medium- to fine-grain^ dyke-equivalent, 
and* as might be expected, occurs in association with the kenytes on 
Mt^ Kenya. 

Closely similar to phouDUtes and certainly falling in the same 
grain-size group are the tlzi^uaJtes (Rosenbusch, 1887)* named 
from the Tingui Mountains, near Rio de Janeiro, Brazil. They are 

* Campbell Smith, W., Joitm. G$oL Set., xciv Pr 3^^. 

i HMacxfbed by W. CimtphdJ Smith m BuU. BrUid ^fuseHm (ATaJ. JiistX 
VoL I, Nfl. 1, p. 3. ^ ' 

? PtioT, C. T., "Nilkmal AaUietic Expedition, Hiit, 1507, 

L p. 101. 

4 C&iApbelJ Smith, qJ Rhyolites, Trac h yte s m j 

FhonoUt^ from part of Keayx Colony/" Quar. /oim. CfW. S«?., Ixxrvii {1931], 
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identical with phonolites m composition and occur in dykes and as 
marginal fades of nephdine-syenites. Consisting essentially of 
alkali-feldspars and nepheline, with a moderate amount of aegirmep 
the difierence between phonolite and tinguaite is essentially textural 
(Fig. 103). In phonolites the coloured mineral commonly occurs m 
patches poikUitic towards the sanidine bths and squares and 
hexagons of nepheline; it is sometimes riebecldte in "'mossy” patches. 



Forphyrittc tinguaite, Bnzil. Ph-rnocryAtfi of i]epl]elii]a (with bftsaJ 

, saoiduiftp hr illiAn t gfeea aeginne, Md fl;?h«ne, set in a giiQimdmass in 
which o^Dute aegiriae mLcralites are abumlant. 


In tinguaites the coloured mineral is aegirine^ in adciilar crystals^ 
tmiformly distributed and lying parallel to the sides of the fdsie 
constituents. With increasing grain-siae tinguaites grade through 
aegirine-microfoyaites into foyailes. 

Loudtopbyres^ 

Obviously the fine-grained rocks consisting essentially of the 
combination leudte-nalkah^feldspar-coloured minerals, have the same 
status as phonolite, and require a distinctive name* We select 
leucitophyre for purpose, although it is not ideal, having been 
used previously In more than one sense. As used by Rosenbnsch^ for 
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ejsarnple, the term implied the presence of both Uudte and nepheline, 
together with sanidine. According to om dehnition, Roseobusch's 
leucitophyre is nepheline-leiicitophyre, intermediate in its mineral 
contents between true leucitophyre and phonolite, but definitely 
nearer to tbe former than to the latter. The best known rock of this 



F10. 104 

NMcan-ledcitDpliyrQ, Ri*dfin^ Eifel. Mf^phtdocxy^ta ol liflucite ajid nosean 
fltnr Bqoi^ly abimdunt, Dcciarnag with green-iinmiwi sodic 
let la ft of sftnidiqQ and minute cuhednl nepbelide crystals. 

Apftctu and tphme are important ^cccsaorie^, 

tjpe occurs as a dyke neat Rieden in the Eifet In the hand-^pecimeii 
numbers of small phenociysts of leudte and nosean are plenti¬ 
fully scattered in a greyish groundmass which also contains small 
black prisms of pyroxene. Under the microscope the phenocrysts of 
leudte^ and corroded naaeans mth heavy black borders are very 
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striking (Figs. 4S and 104). Small nephdines of typical ^tiape occur 
Ln the grouuditiass only, where they are associated with equdly 
small laths of sanidine. Aegiriue-augite b abuDdaut, while sphene, 
apatite, rriagnetite, and less commonly mdanite garnet, are usual 
accessories. The proper designation of thb well-known rock is 
nosean-nephelLneTeudtophyTe- The chemical composition b stated 
in the table of analyseSp p. 256. 

Lcucitophyres occur together with other related t3T>es in the 
Leudte Hilb, Wyoming. One variety^ consists of equal amounts of 
leucite, sanidine and coloured minerab^ Among the latter, phlogo- 
pite^ a rare mineral in normal igneous rocks, is dominant, forming 
small phenocrysts visible in the hand-spedmen. It b accompanied by 
miimte needles of diopside and a kataphorite-ilke amphibole. Thb is 
a type of phlogoplte-leucitopfayTei and for its silica percentage 
is particularly rich in potash. 

Two associated lava^types present a problem in dassiheatbu and 
nomenclature. Tbe first again contains leudte and phlogopite as its 
essential components, and it is tberelore do&ely relat^ to the 
phlogopite-leucitophyre noted above; but as it contains no feldspar, 
it may be exduded from the kucitophyres, though actually the 
groundmass b partly glassy, and there b little doubt that, had 
crystallization been compktedp sanidine would have appeared. Thus 
the feldspar is occult, and the rock, termed Wyomingite by Cross* 
may legirimately be considered here, in spite of its technical failure 
to eonfonn to the definition of leudtophyre. Wyomtngite b a partially 
glassy potential phlogopite-kuritophyre. 

The third type estabibhed by Qoss from thb locality b a bamc 
rock and b described in due course. 

Hauynophyres^ 

Theoretically the fine-grained type, normally occuiring as lava- 
flows and chfiracterked by the assemblage h auyne-sanidiiie-coloured 
minerab should be dbtinguished as hauynophyre. With the incoming 
of leucite, hauynophyre grades through leucite^-hauynophy^e into 
leucitophyre: and with the inctnuing of nephdme io bereasing 
amounts it grades into phonohte via the intermediate type,nephdine- 
hauynophyre. 


(t) THE DIORITE CLAN 

The predominance of alkali-feldspar or feldspathoids makes it 
relatively easy to define and classify the syenitic rocks; but the 

/ Termed "oreaditft” hy W. QttoA, 'Tgnwuft Kocics of tlieLeucitei Hilliaju] 
Pilot Butte^ Amer. Jotim, Spi„ iv pp, 126, 134 and 13^, 

* Op. iit. pp. 120* 131* ud 137. 



Analyses of Tracftytfs, Pwonolitks and Lhucitofhvkes 
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case IS difierent witli the members of the Diorite Cbn. and much 
difficulty has been experienced in separating diorites from gabbros 
on the one band, and andesites from, basalts on the other. At different 
times and by different authorities the division has been made on the 
basis of the following criteria: (i) silica percentage; (li) nature of the 
coloured minerals: (in) hind of plagiocl^ present ; and (ivj the per¬ 
centage of coloured minerals—the colour index of the rock. Un¬ 
doubtedly the easiest way of eficcting the separation is to choose 
arbitrarily a convenient silica percent age, regardless of other con¬ 
siderations^ This principle has already been discussed and found 
wanting; and for reasons already stated, we prefer to define these 
rock-types in terms of their constituent mineral assemblages. Firstly* 
as regards the kinds of coloured silicates in diorites and gabbros, in 
all but the earhest attempts at dassiheation* it has been tacitly 
agreed that the combination hombleride-plagioclase is character¬ 
istic of dioritic and andesitic rocks. Both Zirkel and Kosenbusch 
were agreed on this point. Secondly, most petrologLsts agree that 
the occurrence of olivine as a normal constituent indicates gabbro 
and basalt, rather than diorite and andesite. The position when 
pyroxene is concerned is less dear. A dlnopyroxene is certainly the 
most common and characteristic mafic mineral in typical gabbros 
and basalts; but a member of this mineral group is common also in 
trachytic and even rhyolitic lavas and pitchstones, and in the inter¬ 
mediate andesitic ro^ pyroxene is bound to be an important 
constituent. The problem, therefore* is to separate pyroxene-andesites 
from (pyroxene) basalts* and augite-diorites from (augite) gabbros. 
Two criteria are availabie: (d) the quality of the pla^odase or (6) the 
colour index may be used. 'Die nature of the feidspar-coDtent has 
already been given an important rdle in rock classification, and it is 
merely an extension of this principle to use it in the present case. 
The, division is purely arbitrary, and is that favoured by Johanssen 
and many Other American petrologists. In typical gabbros the 
plagioda^e varies between labradorite and bytownite; in diorites 
it commonly lies within the oUgodaser-andcsine range. Logically the 
division should therefore be drawn at the andesine-labradorite 
boundary* at An^. The acceptance of this prindple involves the 
accurate determination of the composition of the plagioclase before 
the rock can be accurately named. Zouing introduces some diffi¬ 
culty, of course* and in the fine-grained rocks it may be almost 
impt^ible to apply the priiidple, except on the basis of normative 
as distinct from modal plagioclase. 

As regards colour index, the determination of this factor is a 
inuch less highly-skilled operation* particularly when one is dealing 
With coarse-grained rocks, and is therefore a more appropriate basis 

1 
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of da^siiication for students. This is the basis favoured by Shand, 
who advocates drawing the line between diorite and gabbro and the 
corresponding fine-grained tyx>es, at a colour index of 30. It has 
been shown by S. E- Ellis* that many typical diontes have a higher 
colour index than this* and 40 appears to agree more closely with the 
natural boundary between the two classes. 

The position reachedp then, is this. No single criterion will serve 


Txblb snowisfG the Genexai. Eelatiosshi^ between 
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satisfactorily to separate diorite from gabbro. and andesite from 
basalt; but satisfactory definitions can be made on the basis of 
colour index, composition of the plagiodasei and kind or kinds of 
mafic minerals present. Tbe general characters of the rocks of the 
Diorite Qan are surcunarized as follows: 

(^948), Pr 447. By meanA gl 9, ciirelui statiitical study. 
pH i h uis Mfljimicd tlUB pmbleoi. and lias shown that a coIdut Ladeit of 40j 
in the plagiodise. an Au-ooateat of rather Jess than 50, aro this miwt suitabk: 
values to lae. W* profer drawing the line at however^ as this valns 
HpaiatcA andeainc fiion labradorite. 

* » « 








THE INTERMEDIATE IGNEOUS ROCKS 


259 

{!) these rocks are essentially combinatians of plagioda^e feldspar 
and colotifed sUicatei^ exdudhig oUvint, but including t}7>ically 
hornblende, with biotite in the more add^ and pyroxene in the more 
basic members, 

(ii) pkgincLase mmt make tip at least two-thirds of the total 
feldspar content^ it should be not more calcic than 

(iii) the colour index should not exceed 40; 

(iv) quartz is typically absent; if present it must rank as an 
accessory mmeraJ ordy^ and in any case must not exceed lopercent^ 
Really typical diorites will conform to the whole of this specifica¬ 
tion; but rocks will uadoubtedly be encoxuitered which, on the 
balance of evidence, must be clawed as diorites, though they may 
not precisely conform with the definition in all the details laid down. 
Examples will be discussed in due course. 

The three grain-sixe groups within the Clan are as follows: 

Coarse Medium Fine 

DIOItrrES MICROmORlTES ANOESITES 


THE DIORITES 

The main outlines of the definition of diorite have been laid down 
above. Fundamentally the type is a coarse-grained rock consbting 
typically of ande^ine and commou hornblende. There is scope here 
for wide difierences in appearance, according to the ratio of felsic to 
mafic micierah. The complete range of types covering aU proportions 
of these components would include rocks at both ends which cannot 
be admitted as diorites. The t>'pical diorite is a black and white 
rock, with rather less dark than light mineral; but typ^ with less 
thi^ the 40 per cent specUied grade with diminishing dark mineral 
^teut inftj feldspar-rich types (loucodlorites), and ultimately 
into looks consisting soMy of plagiodase. Accord^g to whether the 
plagiodase is within the oligodase or the andesine range, such rocks 
may be termed oU^oclasIle and andealnite respectively. In the 
sense that, apart from minor accessories, they are composed exclu¬ 
sively of plagioclase, they agree closely with the anorthosite type 
which, however, has affinities with gabbroic rocks^ and is described 
in due course. 

In the other direction increase in the colour index gives melano- 
cratic, feld$par-poor diorites, which may well be classified as inela* 
diorites). Carried to the bmit, this line of variation ultimately gives 
ultramafic rocks of the homblendite type. The colour index within 
this mirteral-assemblage group is variable between z^\o and 
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loo. The limit between meladjorite and the moDominetaiic hom- 
blendite b drawTi at 90, and that between leucodiorite and the 
monomineralic oligoclasite and andeainite at 10, 

The most acid diorites contain quartz as an essential^ though 
minor, constituent, and are dbtingnbhed a$ tonal itea« With in¬ 
creasing quartz the latter grade into granodiorites. Both of these 
rock-types, therefore, contain the same tnmeral assemblage, but the 
proportions are different. In both, orthoclase is ideally absent, but 
often present in subordinate amounts and must not exceed one^ 
third of the total feldspar. While the amount of quartz must not 
exceed 10 per cent in touaiite^ it b unliniitcd m granodjorite^ It 
must be pointed out here that Johansseu use$ ^Honalite" in a very 
different sense. Provided the pkgioclase lies within the oligoclase- 
andesine range, he does not restrict the amount of quartz present. 
The essential feature, in hb view, b the absenoe, or practical absence, 
of orthcxdase. Thus many of Johanssen's tonalites are granodiorites 
as defined in thb book. Provided the felsic minerals conform to the 
standard laid down, it does not seem necessary' to restrict the 
coloured sUicate: it may be hornblende, biotite or pyToxene, alone or 
in association.^ In the original tonaUte from Monte TonaJe in the 
Tyrol biotite accompanies hornblende. In Britain tonahtes have 
been described from the neighbourhood of Loc±l Awe, ^utb-east of 
the Ben Cruachan granite.> The composition is as follows: plagiodase 
(An^) 72, microperthite 11, quartz 7, dark minerals and accessories 
II per cent. Similar tonalites occur ebewhere in Scotland as integral 
parts of the Caledonian plutooic complexes, mduding those of 
Galloway.1 

The diorite illustrated in Fig. 105 represents the ideal typo: it is 
not over-saturated, biotite is very subordinate to common green 
hornblende, the plagiodasep as is commonly the case^ is zoned, with 
the cores more caJdc than the outer parts of the crystals. The 
normal accessory minerab liable to occur in dioritea #f all kinds 
include sphene, probably the most prominent, apatite and mag¬ 
netite. In the more basic diorites the place of hornblende tends to 
be taken by either a cliuopyroxene which b colourless in thin section, 
or by an orthop]^oxenep usually identified as hypcrsthene+ As 
regards texture, diorites and tonalites in the great majority of cases 
are like ordinary granites—hypidiomorphic granular^ Most teaching 

> Cl BaOey, E, B., whu m tht "Gftology oi Gl<acoe aud Beo NevU/" 

Garl, Sujv.^ p. rMtrLcts td^ite t& q uBjnU-diorites coutaioine 

bornblende »ad biotite. 

* Noc^lda, S. B., "The Coutamicatcd TooiJita ol IjOcIi Awn," 

/fiwW. G^. SOC^, 3 ££ (193^. 302. 

j Gaitliiiinr, C. 1., !uul RcyaoMs, S. H., "The T.rtrh Coniptcat,*^ (JjtaF. 

/oKm. Oeol. 5«., bDccviij 1 . 
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coU^ions contain specimens of “corslte” or ^^napoleoolte,** the 
best known orbicular rock^ which until recently has been dassihed 
as orbicular dioiite; but in view of its thoroughly basic character — 
it contains only 46 per cent of SiOp—and the c^cic nature of the 
plagiodase, wMch is bytownite (An^J^ in recent accounts it has 



no, los 

* ^iotite^hcrableade-Uiorite, Hatite Savoie, Fiance, 

PUgioduCi common lioroblfiadfi, bkitito, and apatite shown. Drawn 

in plane poUrtwl light, but the twmniDg of Cbe plagioclaH is mdicatod. 


been transferred to the gabbros- This is a difficult case. In respect of 
its coloured mineral (almost exclusively hornblende) and its low 
colour index (:3x) it is dioritic; but in respect of its feldspar and its 
chemical characters it is much more gahbroic than dioritlo. The orbs 
make up about half the rock and consist of alternate shells of by- 
townite and amphibole of a somewhat bladed habits The matrix is 
normal. 

Meladlorites differ from normal diorites only in their higher 
content of dark minerals. Examples have been described from the 
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Glen Fyne-Garabal Hill complex in somth-we^teni Scotbxid; and 
they occur iJso in Jersey^ Channel Islands. Some of the rocks 
described in Survey Memoirs as uppinltea^ are homblende-mda- 
diorites^ and belong here. The hornblendes occur in the lonn of lon^- 
bladed aystalSp and indude not only common green hornblende^ 
but also ihe brown or greenish-brown variety* lamproboHte^ With 
increasing hornblende they grade into the ultramahc homblendites." 

A oomplex which has many points in common with the Garabal 
Hill intrusion occurs at Cortlaiidt^ New York Statep and one member 
of the complex is a good example of mdadionte. The colour index is 
54; the plagiocUse, making up 46 per cent of the rockp is oligodase- 
andasine; while biolLte {32 per cent) is the most abiuu^t mafic 
mineralp common hornblende (3 per cent) and the usual accessories 
making up the remainder^ In spite of its low sOica percentage (42 - 5) 
it would be inappropriate to classify this rock otherwise than as a 
meladiorite. 

Dioritic rocks of unusual composition indude plumaslte^ des¬ 
cribed by Lawson (190E] from Plumas County, Cahfomia. The type- 
rock forms a wide dyke cutting peridotitep and is fundamentally an 
oligodase-corunduru rock. The corundums are light-bluish in cobuTi 
up to an inch in lengthp and are embedded in a matrix of white 
oligodase. More recently very similar plumasltes have been described 
from Natab uid the Transvaal* South Africa* where again they 
form dykes* and tend to be of pegmatitic fades — the corundums 
may be several inches in length. The marginal fades of these African 
rodcs may be almost pure ohgodasite^ while the corundum becomes 
an important constituent in the more central parts^ 

Only slightly different from plumasite is the so-called dungaii- 
DOnlte (Adams and Barlow, 1900)4 described from Dungannon in 
the Haliburton—Bancroft area in Ontario, a locality well-known for 
its nephdine-syenites. Dungannonite k* in effect, a plufnasite with 
a rather more ^Jdc plagioclase taking the place of oligodase. 
Andesine makes up about three-quarters of the whole rock, and 

* It Kbotild be Ckot^ thit io a Survey Monjoix, apr^initts arff ^ itajned f>a 

tbfl iMil id lichiw^ in bonibLende, of tk* 0/ ffi(dipAr 

m^toiisUd if. We itroDgly diaaent from this at a matter of jpriDCtpie. 

One nck-name cunat be appU«d indiscrimiaately a type of Aye^e and 

a tpeciea oif Ukirite — it itriaet at the root of the piinciplea of diPerentiatk*" 
helwwjii major njck-types. Kithet the uame mutt leter to a melasyeciite.or to 
a meladiorite- -Eut to both^ 

* Bailey, E. B., to of Glenciie and Ben Nevis," Mtm, Cio#. Sa™. 

191A, p. 

1 da Toi^ A, L.p "Flumasite.. , Natal," Trm. Cool. Soc. S, 

Ki P- 53 ' 

i "GeolDj^ of the RaLburtonr-BaiuLrDtt; area^ OotariQ,'" GeoJ. Svfv, 

Mm. 6, 1910, p, 315. ^ 
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large comridums about half of the rest. White mica, often tending 
to sheath the corundums, biotite, and perhaps the most important 
accessory^ nephdine, also oectir in small quantities. Again, it is 
found that some phases of dungannonite are almost pure andesine- 
rocks. that is, typical ande$iiiite$H These rocks are of special interest 
because in the first place they are und^-s&lurai^ diorltes’ and 
secondly, except for conindum-^enites (dcsoibed above), they 
are the only normal igneous rocks which oonlain corundum. It is 
doubtful if both names (plumasite and dungannonite) are needed. 
The range of plagioclase in normal diorites is oligodase to andesine, 
and therefore both could wcU be covered by plumasitep which has 
priority. Ehmgannonite is a nepheline-plumasite, and with increasing 
nephelioe grades into corundum-nepheUne-syenites.^ 

From the i>etrogeiietic point of view these corundum-bearing 
rocks are of specUl mterest^ though the problem of their origin has 
not yet been solved. One factor involved is demonstrably desilica- 
tioD: for in several instances the dyke-rocks carry quartz untU they 
penetrate, or at least come into contact with, peridotlte or ser- 
pentijiite, which is the same thing chemically. At the point where 
quartz disappears, the wall-rock shows a gain in siUca^ and corun¬ 
dum appears in the dyke-rock. But the loss of silica by the dyke- 
rodE is not the only factor involved as there is a considerable gain 
in alumina to be accounted for. Those who have made a special 
study of certain Russian conmdum-bearing rocks believe that the 
alumina was introduced by volatiles. In this connection significant 
evidence b afforded by a more basic rock, an anortbositic gabbro— 
and thus definitely not dioritic, though it may well be considered 
here for convenience. In certain cnish-wnes, the normal calcic 
plagioclase ha^ been replaced by the barium-feldspar, hyalophane. 
Calculation has shown ^at the amount of free alumina (comndum) 
b almost exactly the difference between the combined alumina in 
th^ original labradorite (28^2 per cent) and in the h>'alophane 
(19'3 per cent).» It b suggested that the transfer of kms was effected 
by volatiles, and thb receives some confirmation in the occurrence 
of the barium-zeolite, harmotome, in cavities and on joint-surfaces. 
Thus In this instance, no alumina has been introduced from outside 
the rock—it has resulted from a redistribution of materials within 
it, through the agency of volatiles of unknown composition, which 
have removed sodium and calcium ions, and left behind potassium 
and barium Ions. 

* CniamoatitD {Adanu ajid Boflow, 0^. of., [9T0, p. coiuiits of 
third auczkd plagiocXue; most of the ri^st ib nepheliue, wbilei comndum ii an 
*cc«4(ny only, 

■ Tomlio^on, W. H., ^'Conuiddiii in % Dylce at Glen Hkldle, 

Am*r, Min., laiiv -(i919)h 3S9. 
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The problems oonceming the origin of the more normal diorites 
are discussed in a later chapter. 

THE MICRODIORITES 

The general name microdiorite has been chosen for all those rocks 
of dioritic composition p but of medium grain-siase, that differ only 
in texture from the diorites into which they pass with increasing 
coarseness. As the grain becomes finer, they pass into the andesites. 
Though aphjTic types are knowm to Occur, most microdiorites are 
porphyritic* To cover these textural variants two general types arc 
distinguished: — 

(L) porphyritic microdiorites; and 

(ii) aphyrio microdiorites. 

The former are frequently named "diorite-porphyries/' but this 
name has been applied to porphyritic diorites, and is better not 
used. A synonjin which i$ still widely used is “porphjTitK"'; but 
again there are many objections to its use, and in view of the 
several quite different usages, it b highly desirable to drop this term 
in favour of porphyritic mlcrodiorlte. In textural detail many 
of these latter rocks closely resemble andesites, and there is no 
doubt that many so-called '‘porphyrites'' are as fine grained as most 
andesites, and were named solely on account of their mode of 
occutTencje as minor intrusions. Some of the **poq)hyrites"' sur¬ 
rounding the Dalbeattie granite, for example, consist of a devitrified 
glassy matrix in which the abundant and relatively large pheno- 
crysts are embedded. Although hypabyssal in mode of occurrence^ 
such rocks are (intrusive) homblende-biotite-andesites. 

The nature of the dominant coloured mineral may be used for 
further subdivision, giving mica'microdiorite, hornblende^micro- 
dioiite, and less conunonly angite- and hyper5thene'mieT0diorite+ 
Those spedmens containing quarts [and usually biotite) arc closely 
allied to tonahtes and are to be distui^ushed as mlcrotonalltes^ 
In such rocks the quarts fe restricted to the groundmass, where it 
may be intergrown with orthoclase as micropcgmatite. Rocks of 
much the same general appearance but containing quartz pheno- 
crj'sts in addition to those of other minerals prove on careful 
examination to be dacites, and in general, thb b a useful means of 
distinguishing between these two types. A rather special type of 
over-saturated porphyritic microdiorite has been named mark- 
fieldlte, from MarkfieJd in the Cham wood Forest area in Leicester- 
shire. A graphic intergrowth of quartat and alkalUfeldspar forms the 
groun<^ass in which numerqp ^henociysts (if they are so to be 
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regarded) of plagiodase and bomblendei iire dc^y packed. The 
feldspar is red stained^ and the general aspect of the rock is syenitic. 
An example of graphic microdiorite of a different type occurs at 
Penmaenmawr on the North Wales coast. In and around the Harlech 
DomCp also in North Wales, numerous minor intmsbnsp presumably 
of Ordovician agOp occur. Many of these are of dioritic composition 
and some fall in the microdiorite category. They are noteworthy 
for the prominent phenocrj^ts of hornblende^ pLagiocIasep and less 
commonly augite which they contain. Unfortunately they are not 
particularly attractive subjects for petrographic study for they have 
experienced a mild regional metamorphism which has, in many 
instanceSj completely pseiidomorphed the original minerals: horn¬ 
blende is reprffiented by aggr^ates of chlorite, cpidote and caldte, 
while the plagiodase phenocrysts are now composed of paragonite^ 
zoisite, etc * 

Among the many '"porphyritcs^ of the Survey officers porpbyritic 
microdiorites occur in the dyke swarms rdated to the lat&Ualedonian 
and old Red Sandstone volcanic centres in southern Sootlandp lor 
example in the Glencoe-Ben Nevis area and the Cheviot Hills. 
They are in a much better state of preservation than the Welsh 
Ordovician rocks of the same types, and include strongly por- 
phyriUc rocks with phenocrysts of biotite, iiammon hornblende and 
plagioclase (Fig. 106). Many contain a little quartz, and probo^bly 
microtonalite is the commonest type, 

THE ANDESITES 

The fine-grained members of the DLorite Gan are collectively 
known as andesites. The essential distLnctioiii between the latter 
and the microdiorites is the coamer grain of the lattetp the division 
being drawn at the limit of unaided vision for the gtoundmass grains 
or Reroutes. Normally andesites thus defined occur as lava flowSp, 
but they nlhy occur as minor intrusions, particularly dykes. 

Andesites consist essentially of plagiodase within the ohgoclase- 
andesine range, associated with one or more of the coloured silicates 
biotite, hornblende, dinopyroxene or orthopyroxene. It is customary 
to use the name of the dominant dark niineral as a prefix before 
the general rock-name and thus to distinguish mica'andesitep horn* 
blende-andesite, enstatite-andesite, etc. The plagiodasc phenocrysts 
are often quite strongly zooedL The hornblende is a brown "basaltic'* 
variety (lamprobolite), and both it and the biotite show in the 
dearest manner that they were not in equilibrium with the magnm 

* WeUa, A. of RhobisUi FblWt,'* Ctctl. Sw., boon 

P- 4^3: and ^umiQAry acceuiit Iw the samt writer Id A., 

'The HirJeii Dome.. Jcum. Giol. cii (1946)4 P- 
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m which they were floated up from depth: they exhibit all degrees 
of magmatic corrosion. At an early stage this may amount to no more 
than a slight ''peppering^' with magnetite granules, but at a later 



Porpbyritk oucrodkidte {"porphyrite"). Shore, D^beattii-, ScotUnd. 

Euhcd^ pl4^k}d:ii» twimmig aad loning), common hornblende 

Icpnen twinn^)^ iiOd bkitite, all in two gencmticas. Tht grouudniass u 
imcrqcryitnUinF. AcuuoHra include sphcjie, maMirtite ^d minute 
ipetites. 
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IIL Daly'a average diorite. ^ « 

IV, Porphyritic micMdiorita, GlencM, SeoUaml (Anal. E. G. Radley) p B^ti Nmni 1^10, p. 103+ 

V* Graphic microdioritep PcnmaermiawT* North WeJea (J* A, PhiiUpa}* 

Vl. Graphic nucrodiorite (Idarklidd type), Markfield^ CharowocHl Forwt (J* H. Flayer)* 
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stage of alteration the hornblende is progressively replaced by an 
aggregate chiehy consisting of granules of nearly colourless dino- 
pyroxene and octahedia of magnetite [Fig^ 107)^ In extreme cases 
the whole of the mica and hornblende may be so replaced^ and only 
the shapes of the original phtnocrysts survive. Finally even this is 
lost, and an indefinite ajrea rather richer in augite and magnetite 



F1G+ lOJ ^ 

Hembleade-augite-mjidesite. Col d'Entremont, 

Au%'ersDe. 

ComplKn tii^nfid plagiodase, and corroded bo^lbLvod<^ pheoncryati 

are Embedded in a gruaudmasa of plo^ioclai^ micmlites, tog^tber with 
pnamo^s of colOEitlE^ augite^ and minute m^Lguetite eetahnlra. 


than the general body of the rock i$ all that remains. In the same 
rock phenociysts of pale^oloured clinopyroxene may occur, and 
were apparently quite stable. It is worthy of note that the cUnO- 
pyroxene In typical andesites is a light greenish diopsidic variety, 
not the common brown atigite so typical of basaltic rocks. The 
enstatite b andesites represents the olivme of more basic lavas, and 
is easily dislbguished by its diaracteiistic cross section—nearly 
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squ^e with the oomeis truncated (Fig. 10&}. Hyperstbene is similar 
but in thicker sections exhibits its chajacteristie pleochroism. In the 
more andent hypersthene-andesites the orthopyroxene is commonly 
replaced by the so-called bastite pseudomorphs. 

The groundmass in which the phenocrysts are embedded may be 
wholly crystalline and composed largely of narrow microlites of 



FIG^ lOS 

' « En9tatit«-aad»ite. Asaraa-^'inaa, Japaa, 

Pheuocry^ta of euhedral wned plagBOclase and qjistatit® sst in a. aubvitreouj 
groundmaAS wtueb contains a lew skeletal fcldspam. 


plagioclase^ associated pit may be, with granules of coloured minerals 
and not much iron ore {Fig^ 107}. If the microlites arc so closely 
packed as to exclude glass altogether, the texture is said to be 
pllotaxidc; but in some instances wedges of glass lie between the 
microlites^ giving the hyalopLUtic texture* By increase iu the 
proportion of glass to mjcrolite$ such andesites grade into true 
andesitic glass. The latter is brown in thin section and may be 
perfectly transparent; but with increasing age it tends to lose its 
transparency through dedtrification^ just as with rhyolitic glass. 
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Andesites are somewhat prone to alteration through a variety of 
causes. Soliatanc action in the neighbourbood of an active volcano, 
slight r^onaJ metamorphism or even atmospherio weatheriitg tends 
to render the plagioda^ turbid, to replace it by secondary albite 
charged with loisite or epidote, while the coloured minerals are 
progressively replaced by chlorite, epidote, calcite, etc. Any vesicles 
in the rochs become hlled with su^ minerals as calcite, chlorite, 
prehnite and other zeolites. It was to andesitic rocks in this altered 
condition that the name "poTphyrtte" was first applied. A little 
secondary quartz is liberated during such alteration: there is usually 
little doubt that it is secondary, on account of its mode of occurrence 
and its associates. In some andesites, however, a little prirnary' 
quartz is to be esepected on generaJ grounds: the extrusive, fine- 
grained equivalent of tonalite is quarta-andesite. The quartz is 
restiirted to the groundmass in such rocks; but as the amount of 
free sihea increases they grade into daettes, which conunonly contain 
first-generation quartz. 

In Britain andesites occiunng both as lava £ows and minor 
intrusions are found in volcanic fields of several ages. The pre^ 
sumahly Precambrian lavas of Jersey are dominantly rhyolites, but 
are accompanied by more basic lavaa which are stated to be andesitic, 
though there is no doubt that they are basaltic in part: there is no 
modem de^ption available. Hornblende-andesites of Ordovician 
age occur in both North and South Wales, Shropshire and the 
English Lake District. The Welsh andesites are chiefly hom- 
blflide and angtte-bearing types, while those in Shropshire contain 
orthopyroxene, now represented by bastite pseudomorphs. The 
andesites occurring in the Old Red Sandsttme of Scotland, where 
they build the Pentknd, Ochil and Sidlaw Hills, as well as the 
Cheviot Hills in the Border country, are in a much better state of 
preservation and include types with enstatite, augite and (on Ben 
Nevis) hornblende. In the British Tertiary volcanic cyclf andesitic 
rocks Me but feebly represented, and appear to be always intrusive. 
Andesites are developed on a much more extensive scale in the 
mountains of western America, and the existing Japanese and 
Javanese volcanoes provide ideally fresh andesites in a variety of 
types (Fig. io8), 

(c) THE SYENODIORITES AND TRACHYANDESITES 

Although most petrologists are agreed in recognizing the impor¬ 
tance of the syenitic and dioritic rocks, opinion is divided in regard 
to the intermediate category, the syenodiorites and their medium- 
and fine-grained equivalents. As explained above, we consider that 
there is a place for this group, in which the two kinds of feldspar. 
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chaiacteristu; of the syenites and diorites respectively, are approxi¬ 
mately of the same status. The three grain-siie groups ate:— 
Coarse: Medium: Fine: 

SYEKODIORITSS HICttOSYENODIOMTES TRACHirAm>ESlTKS 

(MONZOVITES) (MICROKONZOSITES) 

THE SYENODIORITES (MONZONITES) 

The typ&-rock was described (as monxonlte) by Br^ggef from the 
Monzoni Complex in the Tyrol. Admittedly mon^onite only makes 
up a part of the whole Complex, b^ut this applies equally irtily to 
many another valid type. The original monzonite was slightly 
over-saturatedp with 2^5 percent of free quartz, and therefoire by 
analogy with syenites and diorites should be termed quartz-mon^ 
zonite. Nearly two-thirds of the rock consists of felspar^ with 
andesine and orthoclasc about equally balanced (32 and 3® ^r cent 
respectively)^ The coloured minerals include augite* biotite and 
hornblende in order of importanoe> the colour index amounting to 35. 
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The most significan t fact in the mineral composition of monzonite 
is the coexistence of orthoclase and plagiodase, normally lying 
vkithin the oligodase-andcsine range, as in diorites, in approximately 
equal quantities: neither must amount to less than one-third of the 
total feldspar. This is the cmx of the definition, and is also the 
justification for using '"syenodiorite" as synonymous with, and 
perhaps preferable to, monisonite. With increasing orthoclase 
monzonite grades into syenite, with increasing plagiodase into 
diorite. The amount of coloured silicates in the monzonites so far 
described is relatively large compared with syenites, and doubtless 
melamonionites will be discovered in doc course, with colour index 
above 40; while feldspar-rich types, deficient in coloured minerals, 
would appropriately be termed leuoomonzonites. No restriction 
need be laid dowm in regard to the kinds of coloured mineral present. 
They may be as in the type-rock, or any other combination appro¬ 
priate to the Intermediate rocks. 

In thin section there is usually little difficulty in recognizing 
the diagnostic feature of the monzonite type: the plagiodase tends 
to form comparatively smaller crystals of rather better shape than 
the orthodasc, which is poikUitic towards the plagloclase—a single 
plate enclosing, it w^y be, a large number of disorientated plagiodasc 
laths as shown m F]g, ioq. The pyroxene, when present, is an almost 
colourless diopsidic dinopyroxene, which, in many cases, is intimately 
associated with common green hornblende. The latter is irTcgularly 
moulded upon the pyroxene core as a rule, but the two may occur 
independently. Amphibole of a different kind—a somewhat fibrous 
’■uralite’’—tends to replace the pjToxene in altered monzonites. 

OUvine-monzoniles occur in the Oslo ptutonic complex.’ flTigru 
clasc and alkali-feldspar occur in approximately equal amounts. 
Although olivine is the most abundant coloured mineral, it is accom¬ 
panied by biotite and a little pyroxene; the colour index (about 35) 
is appropriate to an Intermediate, rather than a Basic, rock. The 
as^iation of olivine w-ith these kinds of feldspar is unusual, and 
this type ^ rock does not appear to have been recorded ebewhere. 

Monzonites are not widely distributed, judging from existing 
records, nor do they form large individual intrusions. Like syenites 
and diorites they form marginal fades of, or offshoots from, larger 
masses of granitic composition. Thus in this country monzonites 
occur among the satcUitk intrusions assodated with the Old Red 
^dstonc and Caledonian granodioritic complexes. In the great 
Tertiary nng-compkx of Ardnamurchan in western ScoUand, 
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although tUQsi of thfi rocks are basic {eucrites and gabbros]^ the latest 
and most central ring dykes consist of quartz-monzouite andtonaiite. 
The view is widely held that most monzonites are hybrids: they have 
originated by admixture of acid and basic magmas in some deep- 
seated source. A number of analyses of selected types together with 
BrCgger's average are given m the table on page 274. 



■ ^ riG. log 

Quam-iucDz^mte (''Baoatite") FpchjwJoire, Auveigd«, 

Subhcdnl (twinnSnir formallEed), dioipftJdk biotste 

apatitt juid apheae, aU pcikiliticaUy foclosed in octboclaAA 
lu^^icg irre^bir contact with at edge of section. 


MICROMONZONITES (MICROSYENODICRITES) 

For the sake of completeness we include as the members of the 
medium grain-size group equivalent to the monzoniteSp lOcks^ which 
by analogy with the other dans, should be called micromonzonjtes+ 
As rioted above {p. 234), judged strictly on the basis of their 
feldspar-content^ some Norwegian larvikites are monzonitic^ w^hile 
some rhomb-porphyrics—those of coarser grain^—are technically 
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porphyritic micrDmonzonites. The fmer grained rhomb-poiph3rTies 
are trachyandsdit^^ 

THE TRACHYANDESITES 

The ^Kie-grained equivalents of the monzonitcs are the trachy- 
andesites (Michel-L^vy, "n^bidi bear to trachyte and andesite 
exactly the same relationship as monzonite (syem^orite) does to 
syenite and diorite. The esential fact in their mineral composition 
which justices their recognitioii in the occurrence of alkali-feldspar 
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L Quarti-monzoaite, Banat Type, Croft Hill, Chamwood Forest, 
Leicestershire (E, £. Berry). 

II. Monzoolte, StrmtheiTk^ Glen Uath, Inveraess-shire |[W* 

Tf&n$. Geci. S&c. Edin.^ vili (1905), p. 54. 

HI. MonEonitep Mofizonip Tyi^ (M. Schmelck). 

IV. Monzonite, Glen Creran, Scotland (AofiJ. E. G. Radley}p '^BenNcvia 

and Glencoe," Menmir, igi6p p. 183. 

V, Br^gger'a average of fourteen t^ical moiuoaites, "Die Triadischc 

EmptiDnsfoLge bei PrcdaizOp" p. 63, 

in notable amounts associated with plagioclase, Noimally the pkgicH 
dasc occurs as phenocrysts while the alhali-feldspar is restricted to 
the groundmass, where it occurs as a trachytio "felt" of sanidine 
microlites. In cHect it b as If the phenocrysts of andrate had found 
their way into the gruundiuass of a trachyte. The maiic minerals are 
bioGte, comnion augite and common hornblende. 
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Several specific names have been applied to types of so-called 
trachyandesites, tbovgh not all of these should be included m the 
taiuily as defined above. One such name is latLtei from the Italian 
province of Latia, proposed by Ransome {1898) and adopted by 
Johanssen as a general name for the family. Washington and others 
have distinguished several types of tracbyandesites m the Italian 
volcanic province, including vnJsinito.^ In the type-rock soda- 
orthociase amounts to more than 69 per cent and the piagioclase to 
Only 19- The colour index is 12* while the dark silicates are biotlte 
and the normal pale greenish clinopyroxcne so often encountered 
in the ''Intennediate" rocks, dearly, with so little plagioclase (a 
good deal less than the requisite one-third of the total), vulsinite 
is not a trachyandesite as defined above, Furtherj as the plagiodase 
is outside the range of composition normal for andesites, it seems 
best to dassify it as a tracbybasalt (p. 330)- Among the Scottish 
Carbonilerous lavas are some rather basic trachyandesites which 
have been compared with banakltei a type described (with others) 
from the area of the Yellowstone National Park.^ Such rocks border 
on the trachybasalt, however, as the plagioclase is more basic 
(labradorite) than that usually found in trachyandesites. The 
labradorite phenocry'sts are rimmed with sanidine, while the ground- 
mass consists chiefly of microlit^ of the latter mineralHi The coloured 
mineral is also somewhat unusual for rocks of this family, being 
aegirine-augite. 

The finer grained rhorab-porph^-Ties of Norwayj are trachyande¬ 
sites earryirig the distinctive phenocry^sts of oligodase or andesine 
in a matrix of anorthoclase microlites. Most specimens contain a 
little accessory quartz. 


* JohaimeD, A., SfJIgneous Rocks^ iv p, ^3, 

* "The Gfiology of Eiat Lothian.1910* p. 131. 

I QftediJi], C„ ''Igneous Hock of the Oilo Rjegion^'* vi, SAriL 

mL tiir da No^k* Vtd. AJi, Osh, 1946, p, 37. 


C»AFT£fL TY 


THE BASIC IGNEOUS ROCKS OF CALC-ALK. 4 LI 
TYPE 

It is still a matter of great convenience to speak of baisic igneotis 
rocks, oven though the basis of dassihcation is mineraJogical, though 
basicity is an essentially chemical conception. In the basic rocks 
we have the direct antithesis of the acid rocks. Three series are 
included, which rary in alkalinity. The most tj'picaJ, and those 
which will be first described on account of their paramount impor¬ 
tance, belong to the Calc-alkali Series^ the most typical members of 
which comprise the norma] coarse-grained gabbros, the medium 
grained dolerites and the fine-grained basalts. 

1. THE GABBROS and RELATED TYPES 

The means of distinction between diorites and gabbros have been 
discussed above (p. 257). Typical members of the family under dis¬ 
cussion consistot plagiodase within the range labradorite-anorthite, 
associated with pyroxene, with or without olivine, and it may be 
with minor amounts of other dark minerals including biotite and 
rarely hornblende. These essential compcnients may occur in all 
conceivable proportions. It is essential, therefore, to define a number 
of centra] type^ in terms of these essential components, as tabulated 
below: 

PLigioclase with clinopyroxene ^ » Gabbrq 

Flagioclase with orthopyroxenc * ■ Noeite 

Plagiodase with olivine ■ - ■ * Troct^ute ' 

The presence of any of the other components named above, in 
significant amounts, is logically covered by using the appropriate 
t>pc-naroc, preened by that of tlie additional mineral. Thus, many 
gabbros and norites, fundamentally as defined above, contain some 
olivine, and must therefore be distinguished as oh vine-gabbro and 
oilvloc-norlte respectively. 

Similarly many norites contain some dmop^Toxene. just as many 
gabbros contain some orthopyroxene: in fact there is a perfectly 
continuous gradation in the proportion of dino- to orthopyroxene— 
in combination with plagiodase, of course^ Some of these rocks are 
fundamentally gabbros^ and others are fundamentally norites, it 
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seems to us obvious that th«e is only one point at which the line 
between the two should be drawn: the point where auglte equals 
hypersthene. If the fonner is in slight excess the rock b bypeisthene- 
gabbro: if the proportions are reversed, it is augite-norite. 

As regards texture, these rocks are commonly hypidiomorphic 
granular, the essential minerals occurring ^ anheckal grains. In 
many rock-masses the grain tends to vary rapidly from point to 
point. In certain areas the grain may be notably coarse, and the 
term pegmatitic is appropriate to such facies. 

Table showing the Relationship between csrtaih 
Basic Rocks and tnaia Ultramaeic Derivatives 


Orthopyroxene xoo 50 o 



Less cDiuSnonly the texture may be ophitio (Fig. no), though this 
is more often developed in the m^um-grained mlcrogabbros 
(dolerites). 

Orbicular norites and gabbros have been described from several 
localities including Romsaas in South Norway, the Kenora District 
in Ontario, San Di^o County, California* and Corsica. Under the 
name ""corsite** (Zirke]] or "napoleonite'* the rock fr™ the last- 
named locality b probably the best-known of all orbicular rocks, 
though it b often referred to as orbicular diorite, on the grounds that 
It consbts of amphibole and pLagioclase. Actually it b thoroughly 

* Scholler, W. T., '‘MineimlogifAl Notes/' Series i, BulL £7,S. Ce*?. Smjv. 
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basiCp* with 46 per cent of silica: the plagioclase is hytownite 
(A%j),r while the amphibole is, in part, paramoiphic after pyroxene. 
Approximately three-quarters of the rock consists of bytowaite and 
cme-quartef of amphlbole. The orbs average an inch in diameter, 
though they may reach three inches, and a central section shows a 
core of normal texture, surroimded by alternate shtlis of plagioelase 
and amphibole. The matrix is of nor^ texture. 

Gubbro. —Many gabbros are of almost ideal composition, con¬ 
sisting in thin section of large irregular grains of the two componcntSp 
labradorite and dinopyroxene. The former is coimnonly twinned on 
the Albite, Carlsbad and Peridine laws. Zoning is not common; 
but the mineral is often schdlerized, with multitudes of regularly 
orientated minute opaque rods {Fig. 113) or plates. In some cases 
the rods are almost submicroscapiCp when they impart a doudiness 
to the crj'stals. Under certain conditions^ considered below, the 
plagioelase breaks do¥m to an aggregate of grains of zoisite, or some 
other member of the epidote group, embedded in albite. 

The pyroxene is normally a common augite, but it often shows 
the additional parting parcel to (loo) characteristic of diaUage. 
Not infrequently thedinopyioxene shows numbers of sheet-inclusions 
of orthopyroxene, identified, when they arc of sufficient width, by 
their weaker birefringence and straight extinction in some sections. 
There may be several sets of these regularly arranged sheet-indusions 
that clearly resulted from exsolution with falling temperature. 

Olivine, when prsent, shows its normal characters. On account 
of the high temperature at which it separates from tbe magma, it 
is the first essential minerai to crystallke, and therefore tends to 
show a better shape than the pyroxene and plagioelase in which it 
is embedded. Naturally it may show any degree ol alteration to one 
of the serpentine minerals. 

Vafieiits, » 

Ortliogabbro gabbro agreeing closely with the definition 
of the ideal type), contains neither quartz nor olivine; but olivine- 
gabbro is coinmon, whUe quartz-gabbro is not unduly rare. The 
quartz b usually intergrown with orthoclasep also present in small 
quantityp forming a type of micropegmatite in inter$titial patcheS- 
This feature is much commoner m the medium grained dolcrites. 

In otivlde-^gabbros the reaction rdationship between the 
various coloored components is often p^icukrly wdL displayed. 
Olivine is rimmed with pyroxene, while amphibole envelops the 
latter, and is in turn surrounded by biotite (Fig. lii). The order of 

■ TrOger. E,, ''Qimiititmtiw Datea fiiaign ma^marische Gesteuw.'.' Ti£k. 

M.PM.. ilvi p. 167. ^ ^ 
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the successive rims is that of the miiierals comprismg Bowen's 
disoontinuous reaction series, Rims of a quite different nature 
provide one of the most fascinating textural characters of the 
igneous rocks. They have been variously spoken of as "reaction 
rims/' or "coronas/' and take the form of narrow mantles often of 
singularly uniform width, sometimes single, but in other cases 
double, round olivine crystals embedded in plagiodase^ These 
textures therefore tend to be more uniformly developed in rocks 



HI 

Olivine-^htro, Wolf Cave, Jeriey. 

OUviae, titanaugite, baikeviJdte and plagiodase. , 

(Rfiprodu&td by curtesy c/ Council iA^ A^sif<Siation.) 

of troctolitic type, and arc more fully described under that headings 
A certain amount of iron ore is present in all normal gabbros. 
It may be magnetite, but is more often either titaniferous magnetite 
or Umeuite. The basal portions of some gabbro masses become 
enriched in iron-ore* which may make up a considerable part of the 
whole rock. On the other hand Wager and Deer^ have applied the 
name ferrogabbro to some rocks occurring in the Skaergaard 
intrusion in Greenland, which contain both p3rroxenes and olivines 

* in East GreenUmd, Fart iii, Tbc of 

the Skaeripard Intrusdoia , . . East GreeaUnd/' Mtdditihtr om 
Bd. [Q3,hn 4 ([939hF^ . 
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abnormally rich in combined iron: the olinopytoxene in some 
examples contains ferrosilite up to 74 per cent, and the "olivine” is 
nearly pure fayaUte. 

Noritep—In Orthonorite all bat an insignificant proportion of the 
pyroxene is hjpetsthene or broniite. In augite- (or diallage') norite, 
clinopyToxerie occurs in significant amounts, but must not exceed 
half the total pytoxene^ntent, or the rock is termed hypersthene- 
gabbro.^ A very distinctive feature of these orthopyroxenes is 
Schiller structure resulting from regularly arranged brownish 
pleochroic plates, of uncertain composition. Further, they are often 
heterogeneous by reason of the regular inclusion of exceedingly 
narrow sheets of clinopyroxene, easily identified by their stronger 
birefringence and widely oblique extinction. There may be up to 
four sets of these plates^ 1 }^^ paraUeL according to Wager and Deer, 
to the faces of the "general form" {ill).* In addition there may be 
a lamination parallel to (xoo) simulating a very fine lamellar twinubig, 
but the two individuals are not related according to a constant law.a 
Both sets of lamellae have the same optical cbaracterSp but different 
orientation, so that they are separated by a difference in extinction 
angle of between lo and 15 degrees. This structure is only visible 
between crossed polaiiaers, near the extinction petition, in suitably 
orientated sections. 

A characteristic feature of certain noridc nocks is the develop^ 
ment of symplectjc intergrowths along interaystal boundaries. 
They consist of a toyrraekite-like bulbous outgrowth of plagiodase^ 
occasionally, though rarely, twinned in a normal manner, riddled 
with vermicular inclusions of orthopyroxene. In the example 
illustrated in Fig. iiz the vermicules have grown away from vein¬ 
like iiiass^ of titanifcrous magnetite rimmed against labradorite 
mth ^ains of fayaUtic oUvinep and associated at one point with 
poikilitic biotite. The olivine itself is locally intergnown with ver- 
micillar magnetite. There is no doubt that this phenomenon dates 
from a late stage in the crystalli2ation of the magma. Similar inter- 
growths of the same two minerals may frequently be seen in the 
well-known European norite from Hitteroe, Norway (Fig. 113). 
In Britain norites oocur in association with other b^ic rocks in 
sheet-like intrusions (or perhaps one single sheet) covering a large 
area in Aberdeen and Banff, Scotland; but they are developed on 
the grandest scale in the Bushveld Complex in the Transvaal- 
Although this, the greatest individual batic intrusion in the world, 

^ ItuitL^ be noted that In iiDportaut aod Survey Memoin H. H. Head 

restricts the lenn ijorlte to rocks wfUi bypersthene exclusively, 

^ om CrwnioMd. Bd. 105, Nr. 4 p. 97- 

J Henry, F. M:,, ''Lamellar Structiife Lq Oi^opyroxeaes*'* Min. 
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FIS, tJl 

Eenctioii PhEtkamciia. md Symplectkc Stroctnre m 

M*£Q«t Heights. S«kiikuqiliiiid> South Africa. 

In tMs rock titaaO'inapintite mn^ between the plogkiclAM cryii^klfl, while a 
dbtmctiive feature u tbe reaction rim of fayJitie olivtae wbkh iqsiilates 
the iroQ-we from the feMopor. SiCynnekite-like aymplectites of orthn- 
pynjceae and plag^dclB^e ore kibed into the labrodorite. Mg-rich mka. 
u intimately associated with the olivioe at oue pointy wMle the latter 
coatains dendritic magnetite, 

Orth^yroxene, otippLe; fayolitic icdivine. ckao adpplB^ mici^ iioed; 
iron-ore, opaque. Twinoing indicated in the pLpgtocLi^e. 

# 

1$ commonly spoken of as the *'Bush veld Noritep*^ it is not wholly 
made of this one type, but exhibits an extraoirdinary range of 
ooritiCp gahbroio and ultrabasic types* The nontic range varies 
from rocks which are nearly pure pLagioclase, with very minor 
amounts of bronzite and accessories, through normal types to others 
just as mehnocratiCp grading with the diminution of feldspar into 
ultrabaslc pyroxenites (bronzitites}. The highly feldspathio typ^ 
axe louconorlteg, sometimes called noritic anorthosites (see bdow). 

Ori^'R dfti r^ioRf. 

In analyses of normal gabbros and norites, alumina {Al» 0 J is 
restricted to plagiodase and clmopyioxene^ and perhaps the most 

* ^4 
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important (!biidition for the formation of orthopyroxene is that the 
raagma should not contain more dumina than can be accommodated 
in the pla^odase* Obviously* too, there must be adequate MgO 
and sufficient silica to ensure that ultimately the metasilicate 
(Mg^Fej^i^Os shall be fomiedp and not the orthosilicate 
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The analyses quoted above show the signihcant components only 
in oUvine-norite (average of lo), oli’^'ine gabbro (average of 17), 
obvine-free norite (average of 60), and olivine-free gabbro (average 
of 184). Both norites and olivine-norites are slightly more siliceous, 
slightly richer in iron and magnesia, but notably poorer in lime than 
the corresponding tyiMis of gabbro.* From these figures it may be 
deduced that (r) with a sufficient amount of CaO available chno- 
pyroxene of the diopside-hedenbcrgite range will form; but (2) with 
insufficient CaO cHuopyroxene is ruled out and orthop>TQxeRe of 
the enstatite-ferrosilite range will be formed instead, other thmgs 
being equal. 

We may refer at this point to the contaminated norites of Haddo 
HousCp Insch and Amage [see map. Fig. ^39).=* In addition to the 
bypersthene and plagioclase proper to a norite, these rocks contain 
a red-brown biotite, crowds of dark green spinels and numbers of 
particularly striking cordierite crystals, like those illustrated in 
Fig. 60. These mineralSp normally found in metamorphic rocks, 
doubtless represent local excises of aluminous material derived by 
incorporation of sdica-poorp richly aJuminous xenoliths, some of 
which have survived in the norite. The country-rock from which 
these xenoliths were derived is actually andalusite-cordierite 
bomfeb rather richer in sihca, but poorer in alumina, than the 
xenoliths. It is inferred p tbereforep that on incorporation in the 
gabbrok magma, the xenoliths contributed silica and alkalis to 
the magma, and received from the latter a proportional increase 
in Al"\ 

The survival of richly aluminous inciustons can be only a tem¬ 
porary phase in the assimilation procesSp however; with more 
complete digestion p and more even distribution of the products of 
assimilation, the cordierite and spinel in turn disappear. H. Read, 
who has made a special study of the process, points out that the 
incorporation of the aluminous material causes early precipitation 
of anorthite (in the plagiodase), which so depletes the magma, of 
calcium that there is none available for the formation of the diopside 
molecule (in dinopyroxene) and therefore bypersthene forms in its 
stead. Read concludes from this that thb process may well be the 
ultimate cause of the production of noritic magma, and has stated 
that, "'if there were not so many slates there would not be so many 
norites " At the same time it is well to remember that orthopyroxene 
is a normal member of Bowen's dkeontinuous reaction series, and 

i JoJlliusen, A,, i^gscripHu* Peirotogy qJ ikr IpttWS iii 

Tjdiles 7a «k1 0o. 

* "'Hm Ofttbruft lad AHCcEated X«noliChic Complexes ol the Ksddo Hoi^ 
District, Aberde^ashire/' Quar. Soc,^ xd P- 59irith 

refcrcacefl on p. 634 oi paper. 
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may be expected to ciy^stallize normally from a magma of the 
appropriate composition* 

The rocks tenned eucrite in publications by the Officer^' of the 
Geological Survey are of ''mixed" composition, in the sense that 
they carry hj-persthene up to half the total pyroxene present, 
associated vnth. dinopyroxene and olivine, together with anorthlte. 
In accordance with the definitions given above, eucrite is an olivine- 
hypersthene gabbro, with a pla^odase more caldc than usual. 
Whether or not the nature of the pkgiodase is suffident justification 
for using a new type-name is a moot point: but there is certainly 
less to be said for expanding the term, a$ has been done recently, so 
as to mdude similar assemblages of dark mineralsp but with 
bj^ownite or even basic labradorite as the feldspar^ These cucrites in 
any case are important rocks in some of the Tertiary ring-complexes 
in Scotland, the Great Eucrite of Ardnamurchaii being a typical 
example. 

Troctolite. — The third of our main types consists of the com- 
bination olivine^plagiodase, with minor amounts of accessory 
minerals. A tj’pit^ specimen of troctolite, especially if somewhat 
weathered, is a strikingdooking rock, the grey plagiodase-aggregate 
being studded with blacky brown or reddish olivines or pseudomorphs 
after olivine* This accounts for the popular name, "troutstone,” 
often applied to this rock^ In thin section the olivines are seen to be 
insulated from the plagiodase by reaction rims of oxthopyroxene^ 
usually very thin, but in special types they may be thicker and 
double. If the olivine has been serpcntinized, the expansion resulting 
from the change in composition causes intense shattering of the 
surrounding plagiocla&e. The fractures radiate out from the olivine 
nuclei, often in a manner simulating dyke swarms (Fig. 114). 

The finest display of troctoUtes in Britain is found in the basic 
(Mmplex at Bdhelvle in Aberdeenshire.* This is a layered exmeordant 
intfWon, fjartly ultrabasic, though mainly consisting of troctolite 
grading into norite, hjpersthene gabbro, and even, if one considers 
a small enough specimen, anorthosite and dunite (p. 342). In the 
troctoUtes proper the proportion of labradorite {AnjJ to olivine 
(Fo^) varies considerably. In an average specimen, the analysis of 
which is given under No. i on p. 295, the mineral composition is 
bytownite 70*5, olivine 28^4, and pyroxene 0-6 per cent. 

Texturally the Belhelvie troctolites are mteresting on several 
counts. The olivines are uniformly rimmed wth reacrion products, 
the hmer zone coTLsistmg of orthopyTOxene or amphibole in different 
cases—both colourless varieties—while the outer xone is a hom- 

* Stewirt, F. H., "The Gabbrok Complex of Bclbelvie, Aberdecnahife,^' 
Quar. So£.^ tii (I947)f P- 4 ^^ , ^ 
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bknde-spinel symplectite. Corona structure of this type is iUustrated 
in Fig 115, and is beUeved to be due to the action of liquid residua 
at high temperatures,* Secondly, the degree of idiomorphisin 
exhibited by the two chief minerals depends upon their relative 
proportions: with olivine in excess of a certain amount, this mineral 
separates before the ptagioclase, and is therefore eubedral towards 
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Tmctolite, BeUielvi«, Aberdeen, Sootiuid. Olivines, veined by jeopentin/ with 
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it. With pki^odase in excess, the olivine ciystaUizes late, and is 
interstitiiL towards the earlier* and therefore better formed, plagio- 
dase. ’When present in eutectic proportions both crystaJlLEe together* 
neither has the advantage over the other* and neither therefore is 
euhedral Finally, in places the troctnlites develop a pegmatitic 
facies, with crystals of olivine up to 2 cm. in diameter, 

Harker, when describing the ulttabasic-basic complex of the 

I Ct. Slund, S. J., ''Od. CerdDAs a^id Corodiites/' BuiL Gtd. See. 
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r&bud of Runip Scotland^ odined tLe name alilvalite from the peak 
of ALLWalp for a rock which is esseatialEy a troctolite^ but with 
anorthite instead of labradorite. Actually among the Belhdvie 
troctolites are some with labradoritep others with bytownite, while 
some contain anorthJte and are therefore identical with Harker'^s 
allivalites. 

As a matter of convenience we indude with the gabbroic and 
noritic rocks the anorthosites, which are essentially monomineralic^ 
being almost pure basic plagicxlase rocks. They are sometimes grey 
on account of the schiUerization of the plagioclase, but may be 
white. Any of the coloured or accessory minerals of the norite^ 
gabbro, troctolite range may be associated with the plagiodase^ and 
there is a perfect gradation into one or other of these types with 
increasing amounts of dark minerals. Bodies of anorthosite range in 
siie from layers a few inches thick> occurring as integral parts of 
ordinary basic igneous rocks such as gabbros and noriteSp to vast 
masses occurring in the Precambrian Shield areas^ such a$ the Morin 
and Saguenay anorthosites. The latter is estimated to cover an area 
of 5^00 square miles, and is of unknown thickness. Finallyp we may 
note such occurrences as the anortho^te sheets in the Bttshveld 
and Sierra Leone notitic complexes. Excluding for a moment the 
great Precambrian Shield anorthosites^ it is obvious that the anor¬ 
thosite sheets^ whether they be 3 inches thick as at Bdhelvie^ or 
many yards as in the Eushveld Complex, represent a that a 
difEerentiatep of a normal gabbroic or noiiUc magma. Much has been 
written couceming the origin of the anorthosites. The nature of the 
problem is simply stated: by what process have the plagicdase 
crystals represented by the anorthosite layers been separate from 
the olivinft and pyroxene crystals, represented by the comple¬ 
mentary, ultrabasic layers, made up almost completely of these 
minerals? Surely the answer must be^ "gravity/* Given that there 
is a slight specific gravity diflerence between the coloured nmiMals 
and the magma, the former must sink. If the plagiodase is lighter 
than the magma, tbse crystals must tend to rise: even if they have 
the same specific gravity as the magma, they will tend to form 
a self-supporting crystal-mush from which the residual liquid mighi 
be squee^d out by so-called filter-press action. If the pressure 
exerted was considerable, the pUgiodase crystals might be some¬ 
what crushed* to the extent of showing peripheral granulation. It is 
significant that these effects can sometimes be discerned under the 
micios^pe. Even in hand-specimens anorthosites from some 
occurrences appear porphyritic, but the texture is really psemio- 
porpi^^ic and arises from the peripheral granulation of plagio- 
cla&c <^-stals of particularly largf size, the matrix really consisting 
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of an aggregate of Ene grains ground of! the edges and comers of 
the "phenocrysts/^ These ejects of catadasis are often seen in 
specimens from the great Pre^mbrian anorthosites^ the genesis 
of which is not so obvious^ for^ even if the^ are accumulations of 
plagiodase crystals produced in the manner outlined above, it still 
remains to e^^cplain how such a cr)'stal-miish came to be separated 
from the complementary rock-types with which it should be associ¬ 
ated if the mechanism was the same. There is only one possibility; 
movement of the crystal'mush would be possible only if there were 
sufficient liquid remainmg entrapped between the crystals to 
lubricate the ma^. There can be no doubt that pressure sufficient to 
move the crystal-mush from its point of origin to the place where 
]t now occuTSp might produce some granulation of the plagioclases^ 
and would almost certainly squeeze out the interstitial liquid in 
the ultimate phase^ leaving a more or less pure concentrate of 
plagiodase crystals. ^ 

Battding. 

The most striking and also one of the most puzzling features of 
^'gabbroic'* complexes is the banding so well displayed in many 
exposures. Nearly every gabbroic mass of any size shows banding 
to some degree, the most spectaculai examples being found in the 
giant lopolitbic intrusions such as the Bushveld in South Africap 
and the Duluth p Sudbury and Stillwater complestes in North 
America. Although on a much smaller scale, good examples are 
afforded by the well-known banded gabbros in Skye^ and the 
extraordinary sheeted complex in the island of Rum. In most of these 
occurrences, the dominent rock-types are noriUc. 

Although the banding is suffidently variable in character as to 
suggest more than one cause p certain features are common to most 
types of banding. Thus the layers normally have dip and strike 
parallel to* the margins of the intrusion p while the phenomenon is 
best displayed in the marginal parts of the latter. Apart from these 
features^ however, the banding varies widely in scale and extent^ 
and in the mineral contrasts bctw'een contiguous layers. The indivi¬ 
dual bands vary in width from a fraction of an inch to many yards: 
they may fade out in a matter of a few yards^ or they may maintain 
their characters unchanged over a distance of many mdes. Normally 
the regularity of the banding is very striking: and although the 
bands are occasionally contorted due to plastic dow^ they seldom^ if 

Bowen, N. L., "The Problem of the Anertht^tes," Jovm. Gofi., xxv 
p. 209, but c:<!hiUpaie Miller, J,, "AdUondaek Anqrthciaite," 

G*ct. Am^., jcxkx pp. ^10^ 4^6 and 456: also Ciof., xxjux 
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show trajisigressive tendencies. The tayering results from 
systematic variations in the proportions of the ordinary gabbroic or 
noritic mineraUp plagiodase, pyroxene and olivine. Occ^onally a 
remarkable conceatratioti of ore-minerals may give rise to bands 
consisting almost exclusively of titaniferous magnetite, ilmenite 
or chromite, as in the '"critical zone*" of the Bushvdd Coniplex. 
The texture of different layers remains fairly constant, chilled 
margins are absents and crystals near the margins of one band inter- 
iDck with those in adjacent ones, although, in many instances, the 
junctions may be sii^ularly sharp fFig. ii6)p 

The most pronounced layering in Hum^ is exhibited by the 
uttrabasic-basic complex which builds the twin hills of Allival and 
AskivaJ. The complex comprises a large number of sheets, indivi- 
dually up to 150 feet m thickness, alternately peridotite and alli- 
valite. Barker originally thought the banding to be due to successive 
injections of two ooutrasted magmas^ following one another Ln 
quick succession, so that no appreciable dulling of one band against 
another took place. After making a special study of the contact 
zones between the successive sheets, S. I. Tomkeieff* has conduded 
that the hdd relations could have been produced only by the 
streaking out of a heterogeuous magma, consisting of two contrasted 
fractions, but intruded aU at once. 

probably the type of banding which is most easily understood 
is that to whkb the name “gravitational mineral banding" may be 
applied. This involves a gradation from top to bottom of a sheet, 
the lighter, feldspathic components being concentrated towards 
the top, and the ferromagnesiaii components towards the base. 
Clearly the only force that it is necessary to invoke in such is 
gravity, and the essential condition is a difierence in specific gravity 
between the crystals and the magma in which they were suspended. 
If the crystals are heavier they wiU tend to smk, if lighter, to float 
upwards, and In either case the crystals must displace their'own 
volume of liquid. The result is feravitaiional layering. The process 
is eaisy to visualize, and there is no doubt that differential sink¬ 
ing of crystals in a liquid environment is the fundamental cause 
of layering of this ktnd^ But gravitational sorting alone does not 
satisfactorily account for rhytliniic layering; neither does it 
explain the clear-cut contacts between contiguous bands. Rhyth¬ 
mic layering is probably nowbere better displayed tbaim in the 
magnifleent occyrrenoes described by Wager and Eleer from Eastern 

* ^'Qtolagy flf the Small Ulo of Ctot. Swrv., 190S, 

P' 74;_ 

pQ the Fetrtilogy of the Ultraba^ and Ba^k Plutonic Kocka of the 
taiand of Kam/' -Wm, p_ i2j. 
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Greenland^ Aa illustrated in Fig* 117, the gabbroic rucks in the 
Skaergaard Complex in places exhibit typical gravitational layer¬ 
ing in thin bandSp separated by thicker layers of ''average rock'* 
showing no crystal sorting. Thus the factors Operating to produce 
the crystal sorting only became effective at intervals during cooLing 
of the magma. Several suggesUons as to the causes of such Tbylhmic 
layering have been made. Periodic agitation of the magma during 
crystallization would certainly aid crystal sorting by dislodging 



FlQ. [E7 

Gravity diflErcntlated layera sep&xate4 by layers ef average rock m th* 
Ska^igaard complex, la Eastern Greenlaiul. 

[Ajut Wagtr imd Dur, ftp. pfais fi.) 

r- 

the heavy crystals temporarily held up in the crystal mesh, and 
by tending to keep the lighter plagioclascs suspended. Freedom 
from such agitation would tend to give a layer of normal unbanded 
itKks. 

In the Skaergaard banded rocks the pLagiodaseSr of platy crystal 
habits lie with their flat faces in paralleUsmp and thus impart a 

' Wager^ L, K, and Deer, W. A,. ^'Geological Invesrigadoiis in Eajlera 
GrceulandH Part The Fctraloi^ of the Skaer^a^d latrosion/" 
nw Bd. 105, Nr, 4, 1^39, pp. 36 and ^71. 

Coati, K.. “Primary Buidkg in Bask Plutunic Rock?./' /emrn, CW., 
3 tliv (19361, p. 407. 

Hm, H. "Primary Banding In Ndrite iwad Gabbro, Trams. Am^. 
Gaopkys. Umtm, [9th A^. Meeting. 1938* 
r ’ I 
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well-developed Igneous lamination to the rod^. Further, crystals 
of prismatic habit, pyroxenes for examplop may show a parallel 
lineation, and it is evident that movement due to coovectioa 
oxrrents within the magma has played an important part in pro- 
dudng the layering. Changes in the vdodties of the currents during 
gravitational sorting have been urged as the cause of the sharp 
contacts between consecutive layers. It appears to be definitely 
established that, although crystallization would commence in the 
upper parts of an intrusion, the crystals would accumulatep under 
the influence of gravity on its floor, under conditions dosely aJdn 
to sediinentation, and a large part of the phenomena of layering 
may he due to winnowing by cuxTents. Certainly gravitational 
layering is analogous, in a sense, to graded bedding in a sediment. 


iMt^-StagA Alkraium of G&bbroic Rocks* 

Gabbroic rocks are subject to alteration which may result in the 
complete replacement of all the original a>mponents. Olivine is 
the first to show these effects: not uncommonly in olivine-gabbros 
in which the plagiodase is ideally freshp all the olivine has been 
changed into serpentine, with the usual separation of magnetite. 
Hypersthene and bronzite seem to alter more readily than augite— 
usually into bastite. Ginopyroxene is more variable in its behaviour, 
but usually goes direct into adcular actinolite of the uralite variety, 
associated with a peppering of magnetite. With more advanced 
alteration the actinolite in turn gives place to a more massive green 
hornblende. In other t^ses dinopyroxene is changed into chlorite, 
often peiminite, containing rosettes or gtaias of epidote. Plagiodase 
too is unstable under the new conditions, and is converted into albite 
charged with often findy divided lime-rich silicates such as zoisite 
or some other member of the epidote group, which may be associated 
with caldte. This aggregate may render 'rhe fddspar semi-opaque, 
and'Ihe individual minerals ia it may be veiy difficult to identify, 
though in other cases there is no doubt as to their identity* More 
advanced alteration may convert the albite ioto white mica, and 
the plagioclases can then be identified only by their shape, not by 
their substance, for they contain only epidote or zoidte and white 
mica, llmeoite may disappear entirely, and be represented by 
patches of magnetite grains, associated with spheue; hut less 
drastic alteration leaves it with its original shape, but with the 
characters of leucoxene. 

In general these change are characteristic, in varying degree, 
of the older gabbroic rocks: in this country the Ordovician basic 
mtrusives m Merionethshire, and the minor intrusives of the Harkch 
Dome furnish typical examples, and^there b little doubt that the 
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effects are due to mild dynamo-metamorphism. But some of the 
chaiTges noted axe shown by Tertiary gabbros, for example p in locali¬ 
ties where they have not been subjected to metaniorphisin, and the 
alteration is regarded as an end-stage (or late-stage) phenomenon 
due to concentration of voktiles. Actually it is not necessary to 
invoke any agent more drastic than water, which appears to be 
solely responsible for the eonversion of olivine mto serpentine, 
hypersthene into cummingtonite, augite into actbolite or chlorite. In 
this connection it is significant that rocks in the tipper parts of 
layered intrusive complexes are usually altered most' while those 
types produced late in an intrusive sequence, and which on general 
grounds might be expected to have been closely associated with 
residual liquids, axe likewise most affected^ This is true Jor exampie, 
of the quartz-gabbros of the Tertiary ring-complexes in Scotland. 

Analyses of typical gabbroic rocks are uidnded in the table on 
page 295. 

IL THE MICROGABBROS 

The representatives of the gabbroic rocks, considered above, 
which fall within the Emits of the medium grain-slEe group should 
logically be termed uiicrogabbros, a$ they are exactly comparable 
with microgranitCp microsyenite and microdiorite. Unfortunatdy 
the logic of this not realized stiffieiently early, and two other 
names are in vogue at the present time. In Britain many petrologists 
use the name doleiite instead of mlctegabbro, though with different 
shades of meaning. To some the name implies &U mediiun grained 
rocks of gabbroic composition, regardless of age, texture and mode 
of oocurreuce. Others restrict it to rocks of the appropriate composi¬ 
tion exhibiting ophitic texture only* while yet others use it to cover 
such rocks provided they are of a hypabyssal mode of occurrence. 
In our view, if "doIerite“ is to be used instead of "micr(^bbro>” 
the name should cover aU rocks of the appropriate gf^mposstion 
irrespective of textural features, which can in any be adequately 
c»vered by qualifiers. In America "diabase" replaces "dolerite”: but 
in this country, m spite of a veto by the Committee on Petrographic 
Nomenclature, some petrologists use the term in much the same 
sense as Rosenbusch did, for pre-Tertiary dolerite$. That is, a 
dlabaae in. this country is a rock of doleritic composition, which is 
altered to such an extent that few^ it any, oi the original minerals 
have survived. In view of these inoonsisterLdes, there is a strong 
case for the general adoption of "Tnicrogabbro." 

So far as mineral conteubs are concerned microgabbros closely 
r^emhle gabbros, norites, etc., and there is consequently no need to 

^ ^ Stewart, f, H., op^cit, rapra. 
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describe them in detail. The central type consists of plagiodase^ 
near to kbradorite in composition, dinopyroxene (usually common 
augitCp though titanaugite often takes its place], and iron-orep which 
in different specimens may be magnetitCp tltauDmagnetite^ or il- 
menite. The addition of olivine gives ollvine-microgabbro [olivine- 
dokrite); while the incoming of quartz gives qnarU-micrcgabbro 
{quart z-dolerite). The latter rocks are, of course, oversaturat^, and 
in them ortbopyroxene may replace, wholly Or in paitp the angite 
of the tjT>ical microgabbro (dolerite). There is just as much justifica¬ 
tion for giving such rocks a distinctive name, as there is for differen¬ 
tiating between gabbro and norite: they are, indeed, micronoriteHp 
olivine-micronorites or quartz-micronorites according to their degree 
of silica-saturation. The two pyroxenes may be present in all pro¬ 
portions, and as for the coarse-grained equivaientSp the division is 
most conveniently drawn, quite arbitrarily, at 50 per cent. If there¬ 
fore orthop)^oxene is dominant^ the rock is mkronorite- but if 
clinopyroxene predominates, it is microgabbro. The qualifiers 
and '"kuco-" are used to signify respectively richness or 
deficiency in coloured minerals. 

The oocurrenoe of two or more pyroxenes in these rocks is a 
common feature. The diuopjToxene is frequently strongly schil- 
lexized parallel to (ooi) and when the crystal is in addition twinned 
on (100) it exhibits a distinctive herring-bone structure. The ortho- 
pyroxene is commonly hypersthene, appreciably though faintly 
pleochroic in some sections, devoid of twinning unless it has inverted 
from pigeonite, and as a rule easily distinguished by its optical 
characters. Some crystals contain irregular cores of normal hypers¬ 
thene which are surrounded by an irregular mantle of ''hypersthene- 
perthite/^ This (XjnsLstsof hj’persthene riddled with plates or irregular 
vermiculcs of clinopyroxcne thrown out as a consequence of ex- 
solution. Ah three t jT)es of pyroxene may be studied m sections of the 
Palisades sill, New York, which may be described a^. a qiArtz- 
hyperstheue-microgabbro. The quartz in rocks of this type is 
particularly distinctive: it is intergrown graphically with orthodase 
and occurs in angular interspaces between the lath-shaped labra- 
dorite crystals. In this country this over-saturated type of micro¬ 
gabbro is well represented by the famous ^t^Tiin sill of northern 
England,* and by the late-Carboniferous "quartz-dolerite" dykes, 
mih east-west trend in the Midland Valley of Scotland, The sills 
in the Karroo, South Africa^ where they so strikingly dominate the 
scenery, extend over an area of more than 10,000 square miles. They 


* Hdlmes, A. djut Harwood, H. F,, "Axfl md CoDipo:$itlipi3i tl!® Wliin 
SiUk"' Aftw. Kxi p. 493.; dDd S, I. TomkeiefT, ''Cc&tfibatwD to 

Petfokigy at Wbin Sill," Afisi. xxii (X939), p. 100. 
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are widdy vamble In the details of their composition and textwe; 
but they closely resemble the plateau-basdts described below 
tP- 303), and include types like the Whin Sill and other over-saturated 
dolerites,^ 

Usually hornblende is not found in microgabbros; but a brown 
amphibde in some cases identihed as barkevikite, but in others as 
"basaltic hornblende" {Le,, lamprobolite} does occasionally occur, as 
in the minverite type, described from the parish of St. Sltnver in 
ComwalL 

As regards texture the microgabbros and micronorites are very 
variable. Without question the most characteristic texture is the 
ophitic, and some petrologists will not apply the name dolerite unlesa 
the rock shows the special relationship between plagioclase and 
pyroxene implied by the term ophitic. The manner in which the large 
plates of pyroxene, as seen in thin section, enclose disorientated 
euhedral laths of plagioclase is usually interpreted as resulting from 
the prior crystallization of the latter; but evidence of the simultaneous 
growth of the two minerals is afiorded by the variant described by 
H. H, Thomas as ophi-mottlhig. In this case the pyroxenes are 
ophitically related to sm&U laths of plagioclase which they enclose, 
but they are themselves embedded in a plexus of large plagioclase 
crystals. In other specimens neither of the chief components is 
euhedral, though the plagioclase tends to develop its typical 
fattened habit, and the p^Toxene tends to be prismatic; but owing 
to mutual interference during growth, both minerals are anhedraJ. 
If the term miciogabbroic is used with a textural significance, it 
should surely apply to such rocks. As microgabbros grade into basalts 
with increasing fineness of grain, so the resemblance to basalts 
becomes more pronounced, with a tendency for the development of 
phenocrysts, particularly of plagiodase. Such rocks have been 
tenned Labradorite-porphyries, but porphyiitic micxogabbro, or eveii 
feldsparplryric tuicrogabbro are preferable uames^ 

Although some microgabbros of all ages are ideally fresh, many 
others are highly altered as a consequence of their subsequent 
treatment. Participation in earth movements, a mild degree of meta- 
morpbiam and, naturally, weathering may lead to the replacement of 
all the original componeuts, in the manner already described for the 
gabbroic rocks. Saussuritlzation, albitization, chloritization and 
epidotization may all contribute to the conversion of the original 
p>Toxeue, labradofite, iron-ore, etc., into alblte. chlorite, epidote, 
calcite, leucoxene and quartz, but some of these minerals, though of 
late formation, are not secondary in the sense of having replaced 

i Walker, F., and PoldervaarG, A., "Karroo DolErit«s ef the Union of 
S. AWca," BulL Gtci. Svc. b pr J/91+ 
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pre-cxistuig miricrals. Thus although chlorite is widespread as an 
alteration product of pyroxene {with cpidote, calcitCp etc,, as by¬ 
products), it occurs also in sharply defined interstitial areas between 
plagioclase and dinopyroxene which show no trace of alteration, and 
in these cases is primary. Rather special interest attaches to the 
quarts in these rocks. As noted above, it is a widespread primary 
constituentp normally intergrown with alkali-fedspar; hut in addition 
it occurs also in irrefukr grains closely assodated with other 
obviously secondary minerals, and is evidently an alteration product. 
Thirdly* quartz may be xenocrystic (see below, p. 300). Clearly it 
would be a mistake to refer to such rocks, with secondary or xeno- 
crystic quartz, as quarta-microgabbros, or quartz-dolerites. Such 
terms should apply only to rocks containing the primary mineral. 

Although amphiboles are rate primary constituents of the rocks 
under consideration, they are widespread as alteration products. 
Thus late-stage alteration tends to convert the original pyroxene 
into actinolite, an early stage showing perhaps merely a fringe 
of adcular crystals, but the alteration is progressive until all trace 
of pyroxene is lost, and a pseudomorph of closely packed fibres of 
actinolite {''uralite") is produced. In the process of dynamotherrual 
metamorpbisiB a compact common hornblende b produced from 
the pyroxene in the conversion of microgabbro into hornblende- 
schist or amphibolite. It follows that as a result of these changes 
the original labradorite-pyroxene-ilmenite combination gives place 
to common horahlendep a less basic plagiociase and various minor 
constituents to strike a balance. Thus the rock, although chemicaily 
gabbroiCp in mineral contents is, in a broad sense, more diorilic than 
gabbroic. To such rocks the term epidiorite^ has been applied. 
Typical specimens occur among the sills in the South-West Highlands 
of Scotland. 

IIL THE BASALTS 

The term "basalt'" is one of the few rock names familiar to the 
**inan in the street," and is one of the oldest in petrography. It is 
applied collectively to the fine-grained equivalents of the micro- 
gabhros and micronorites. When fresh, basalts are black, minutely 
crystalline to compact rocks with high density. When exposed to 
weathering they assume a red or (more cominonly) a green colour 
on account of the development of such secondary minerals as ser- 

■ "Epidiorite'* (v^a Guuibel. 1874) u umebme^ la a wider 
for by J. D. H. Wiseman, who appbe? tlie teren to all noa-sdiutaee 

nda prodarAd by dyctajnothennjl metworplmm Irom bask i^cous rucks^ 
whether iatnuivc or extrusive. See ''The Centnl and South-W^t Hkhland 
Epidiontefl; A Study ia Ptogresaav* Mctamcnphisnj/' . G£<h. 

JK (1044K p- 154 , * 
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pentines and dilarit^. A hirthcr stage of alteration converts tbc 
basalt ultimately into a red bole^ 

Af in^al Composition. 

Microscopic examination of a typical basalt shows it to be com¬ 
posed essentially of plagiodase, generally within the range labra- 
dorite-bytownitCp pyroxene and acocssoriesp of which magnetite is 
the most obvious. When oh vine b present in addition, the rock is 
termed olivine-basalt. 

The plagiodase is typically labiadorite or bytownite, but in 
some cases may be les caldc. It should be noted that certain 
American authorities separate andesites from basalts solely on 
the criterion of the kind of plagiodase: if less caJele than An^ the 
rock b andeaitep if more calcic* it is basalt. We feel that this Is laying 
too much stress on one factor only: there are other characters 
that are equally signiheantp particularly the colour index and the 
presence or absence of olivine. The plagiodase may occur in two 
generations: as phenocrystSi often of relatively large size and 
commonly zoned* and as microlitcsof slighily more sodic composition. 

From hb studies of the Haw-aitan lavas W^ashington^ has suggested 
a classihcation of basalts according to the kind of feldspar present. 
He thus distinguishes oligodase-basalt, andesine-basalt. labradorite' 
basalt and anorthite-basaJt. It must be noted* however^ that this 
principle can be applied only on the basis of normative Iddspai for 
two reasons: firstly, the modal plagiodase b frequently strongly 
zoned; and secondly, there is an appreciable differenoe in composition 
between the phcnocrysts, wheri present, and the microlites in the 
groundmass. 

The pyroxenes may show significant differenoes in composition 
in basalts. In dbcussing the dassification of the gabbros and norites 
considerable emphasis was laid on the respective rfiles of the cUno- 
and ^ortho-pyroxenes. In the basalts^ however, orthopyroxen® are 
usually afi^t as such; but their substance is actually present in 
dinopytoxene of specbl type, which b restricted to quickly-cooled 
rocks. At high temperatures a single kind of pyroxene—^pigeonite^— 
b stable, and has the composition of diopsidic augite oombined with 
a member of the enstatite-ferrosilite series. 

There is one other factor which tends to oppress the ortho¬ 
pyroxenes: due to rapid cMllmg, olivine stands a better chance of 
survival than in a slowly-cooled rock, in which the olivine may be 
converted into orthopyroxene. The survival of the olivine in ba^ts 
must obviously afiect the composition of the diaopyraxene. If 

“ Wuhiogton, S.. "Petmkigy of thn Hattaiiaii Iilaiids/' Part 1, Arntr, 

Joum. Sti., V p, 4^- 

* In many publications pigesdoites ar« RfeTTcU to ^ emtatitc-augites. 
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magnesiuju silicate k locked up m the olivine, it is not available for 
the formation of pigeonite: in olivinc-ridi basalts, therefore, 
common augite tends to fill the rftle of pigeonite. Other things being 
equal, however, in an olivine-free basalt, the pyroxene must be 
richer in magnesium, and pigeonitic. 

Hornblende is rare in ba^tic rocks p hut hiotite in small quantities 
is not uncommon. Among the minor constituents iron-ore is con¬ 
spicuous, and is usually magnetite in small octahedra; but dendritic 
iron-ore often separates from the glassy base present in some basalts 
during the final stages of consolidation (Fig. 53*C), Apatite is plentiful, 
though usually the crystals are minutely acicular. The characteristic 
accessory of the add rocks—zircon—^is rarely seen in thin sectionSp 
but occasionally occurs as pToimnent red prisms, as in a weU-known 
lava horn Niedermendig in Germany. Secondary mkierab are very 
varied.^ Olivine may show all stages of alteration to serpentine, 
iddingsite. chloropbaeile, limonito Of rhombchedra! carbonate; 
pyroxenes are replaced progressively by chlorite with or vrithout 
excite and epidote; while the pLagiodases undergo decomposition 
as described above for the gabbroic and microgabbmic rocks. 
Further, on account of the conditions under which they are erupted, 
basalts (even some dyke-basalts), tend to be vesicular, and although 
in recent specimens the vesicles are gas-MLedp in the course of time 
they become filled with such minerals as chalcedony, agate, 
chlorite> caldte and especially zeolites such as natrolite, phQlipsitej 
heulandite and analcite. 

Occasionally isolated and much-corroded quartz ^alns occur in 
basalts which otherwise appear quite normal. These crystals have 
been explained in two ways: (l) as having originated in an overlying 
add magma, out of which they have sunk, under the action of 
gravity, into the underlying bask magma: (2) alternatively, they 
may be accidental xenocrysts. caught up during the uprise of the 
magma. L. Hawkes* has pointed out that it is unlikely that qcartz 
crystals could sink into basaltic magma; but if this were possible, 
it would still be necessary to regard them as xenocry$tic« for they 
were not formed from the magma in which they were ultimately 
incorporated. It is strictly incorrect to call such rocks quartz-basaltSi 
as the quarU is not a normal constituent of the lava: they should be 
termed quartz^xenocryst-basalto or merely basalu containing 
quartz-xenocrysts. Examples occur among the Permian lavas in 
Ayrshire, and in England among the Exeter lavas of the same age;’ 
but such xenocrysts are liable to occur in any basalt, of any age. 

I Havtea. L., Set., Im p. in. 

» Cf. W. G, ’"‘The F«fmian L&viks ol Devon^'" jemn. 

Swr., IxxxviU (igjiZ), p. 741, 
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Textural Range. 

In texture basalts are very variable: every gradation is represented 
between the vitreous—basalt-glass or tacltylyte—and the holo- 
crystaUine. A large number of basalts contain a small quantity of 
gl^ forming minute angular patches between the crystals of the 
groundmass. It is prone to repkoement by a green or yellowish 
substance known as paJagonite^ but when fresh is brown in colour 


Variolitk basalt, nor BbobeU Fawr* Mcriadethsliire. S1ce]«tal 

crysts oK pL^pclds« Mt in vadolitic gnpuodmaas uf feldspar and augite. 
Sm^ vesicIeA aie present in the Icwer part of the field. 

and perfectly isotropic. Tachylyte normally forms a mere selvage to 
a thin dyke or sillp but if the chillmg was sufficiently rapid, the 
whole of the dyke may be of tachylyte. as in Arran. Lava flows of 
tachylyte are rare, but do occur among the Hawaiian basalts. 

Variolitic structure is apparently limited to basaltic rockSp and is 
equivalent to spherulitic structure in add rocks. The essential 
feature is the occurrence of delicate brush-like, radially disposed 
hbres usually of feldspar, less commonly of pyroxene (Fig, 118). 
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Hm material may make up a Large part of the rock, or it may be 
restricted to small Loterstitial patches, known as mesostasis. In the 
latter case it represents local "pockets" of late-stage material: it 
may be only one stage removed from the glassy condition, and 



no. liq 

Olivid^b&^alts frain the Auvtr||:q^^ 

Ltft: Small phenocrysta of fre^ o]iivine ui^ pla^ioclAfiA, maiiy of tiiii lattor 
having iorlbed cudi. Hie gmuntliiiu$ pdxtiAJIy devitrih^ glass. 

Right: PlieDDCTyata of oUvififl and |^Iagtodase e£Dbedjd&d in holociyvtaiLko 
grouiidmAAa of lath-ehaped plagioclAAe mijcroHtrs^^ gr^nlc^s of atigito and 
minute octahediv ol magnetite. The texture is por^yrttic^ mteigtanul^r, 

irresolvable under the miatkscope, but by analogy with the coarser- 
grained dolerites it is believed to represent an alkali-rich siliceous 
residtiuiD. 

From the point of view of the occutrencea or non-occarrence,, of 
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phenocrysts, and of their relative sises. three categodes of basalt 
may be distinguished:— 

(fl) aphyiic—without phenocrysts. A more cumbersome term 
meaning the same thing is "non-porphyritic." 

(t) itiicrophyric—with small phenocrysts; and 

(tf) raegaphjTio—‘With large phenocrysts, greater than 2 mm. 

The phenocrysts, when present, may consist of any of the tnain 
constitnents^^plagioclase, olivine, pyroxene or even magnetite. If 
the basalt is notably rich in olivine phenocrysts, it is chrysophyric; 
if correspondingly rich in plagioclase, it is feldsparphyTic,* 

Mode of Qcctsmnte and CUis$ific(U\on of hasdlts. 

Basalts are, and apparently always have been, the dominant lavas 
the world over. They have been erupted over vast areas in many 
parts of the world, notably the Deccan (where they occupy approxi¬ 
mately one-third of the total area of peninsular India, and locally 
reach nearly 6.000 feet in thickness), the Parana Basin in South 
America, the Snake River Plains in Ihe U.S.A., and in the Thulean 
lava-held which Includes Greenland, Iceland, the Faroes and the 
coastal areas of north-east Ireland and western Scotland. The basalts 
in these areas form vast dissected plateaux, and are frequently 
referred to as "plateau basalts." They were largely erupted from 
Assures rather than from central volcanoes. Elsewhere basalts have 
been erupted from cone-volcanoes of the oeotral type, notably the 
Tertiary volcano of Mull in the Hebrides, and the active ba^tic 
domes forming the Hawaiian Islands in the Padfic. 

Rocks of identically the same compositional and textural range, 
and therefore also basalts, are widely distributed as dykes in these 
volcanic r^ons; they form suites of cone-sheets, volcanic plugs and 
less regular vent-intrusions in volcanoes of central type. 

It will be realized that "basalt" is a "sack-name" covering a wide 
variption in composition and textural range. Detailed studies have 
led, ther^ore, to the description and naming of many types of basalt. 
One of the major corretit petrological problems concerns the nature 
of the magma or magmas from which they were all derived. It is 
agreed by all petrologists that in view of the world-wide distribution 
of basalts throughout all geological time, there must be a world- 
enveloping basaltic substratum. It is further agreed that it may well 
be stratified, and that these efuptives have, gt different times and in 
different places been drawn from different levels, and therefore 
possess different potentialities as regards rock-types and differenti¬ 
ation products. Many petrOlogists have been led to believe, as a 

« Ttiis tcTui is tnqre Kieotific tlua "big teldapar bawlt," which bu been 
Applied to buaJta of this typ^ in tlua Scotch Ttrtinry Ftovisce. 
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consequeace of this, that it is possible to recognize two basaltic 
maginas. The chemical differences between them are not spectacular; 
but their spacial distribution is signiffcant. On the one hand there are 
the basalts (and their derivatives) derived from the basaltic sub¬ 
stratum which underlies the ocean floors as well as the continental 
areas of the world; and on the othcTp a somewhat diffei^nt basaltic 
assemblage which is restricted to the latter areas. Whether this is so 
or notp it is obAnous that "'pure" basalt, uncontaminaled by possible 
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siali c material^ shoiild be found ui the oceanic islands. The lavas of 
Hawaii are therefore of special significance. 

In a recent study. ^ what is regarded as the Hawaiian "primary^" 
magma-type is represented by oil vine-basalt, an average chemical 
composition of which is quoted on p. 304, Expressed in terms of 
minerals it may be pictured as a porphyritk rock, with pbenoaysts 

* UicdoDAld. G. S-. "HawalLbii PetrofTApliia Ptovince/^ BulL Sx, 
Amer., U (1949)* P- * 54 *- 
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of Mg-rith oUviiieH common augite. basic pla^odase (bytownite in 
some samples) p embedded in a finely cryst^line gronndmass incliid- 
ing a second generation of these minerals, differing slightly, but in 
predictable fashion, from the phenocrysts. The olivine granules are 
less magnesian p the clinO"p>™xene is pigeonitic, and the plagioclase 
less calcic—usually labradorite. Magnetite is abundant. Among 
olivine-basalts there is little that is distinctive in this average rock: 
specimens closely approximating to this sp^ecification may be found 
among the basalts of Auvergne, the Carboniferous lavas of southern 
Scotland or the Hebridean lavas of Mull or Skye, for example. 

A widely distributed rock'type evidently derived from such a 
parent olivine-basalt magma has been called plcrite*ba8alt from 
its mineralogical similarity to (augite-} picrite {p. 336)+ Picrite- 
basalt is notably enriched in olivine, and correspondingly depleted in 
plagiocUse. it is a cumulophyric rock formed by the concentration 
within the rock-body of olivine crystals derivsi from a very much 
larger volume of magma charged with olisdne phenoaysts. 

Another melabasaltp similar in origin to picrite-basalt {oceanite) is 
ankaramite; but this is, in effect, olivine-basalt enriched in dino- 
pyroxene. 

Yet another cumulophyric basalt is correspondingly enriched in 
large plagioclase phenocrysts. These are very distinctive in hand- 
specimens, and are well represented in this country by the Carboni¬ 
ferous basalts of Markle type occurring in southern Scotland- 
As the plateau-ba^ts are so phenomenally voluminouis they have, 
as yet, b^n inadequately studied!. Consequently averages based on 
too few analyses may give wrong impr^ons of the variation within 
a lava-held of the calibre of those noted above. Nevertheless such 
averages are available, and one of them is quoted on p. 304. In so far 
as it is representative, it suggests that, compared with the Hawaiian 
olivine-basalts, plateau-basalts arc slightly more siliceous, equally 
almhinoiKp notably poorer (by half) in magnesia, though slightly 
richer Ln iron-oxides. While lime is reduced, soda is increased, and 
potash b doubled. In tenns of minerals this suggests that olivine will 
be eliminated in favour of hypersthene or pigeonitic clinopjToxene, 
the plagioclase will be less calcic, and there may be {actually is) an 
alkah-rich residuum potentially quartz-bearing. Among rocks of 
medium grain-aiEe, this magma-type b reprosented by the over- 
saturated dolerites forming the great sheet-imiptions of the Karroo 
(p, 296). Basalts of thb type are frequently called "tholeiites""; but 
this term has been used in such a variety of senses without adequate 
definitiDn, that its continued use is to be deprecated.* 

« Wella, A, K. M. K., Magma Typa and Their NoEiieflcUtura,*^ 
Af<if., bcixv (1948), p. J49- , 
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THE ALKALI-RICH BASIC IGNEOUS ROCKS 

1. COAESE-GRAINED TYPES 

From the normal calc-alkaline gabbros. micjogabbros and basalts 
we pass on to consider other groups whkh are equally basic, in the 
sense of bemg poor in silica, but which are relatively rich in alkalies. 
Some of these rocks are obviously dosely related In essentials to the 
types considered above" in efiect they are gabbros or olivine- 
gabbnos with small but significant additions of soda-rich sihcatcs 
5uch as analdte and/or nepbeline. On the other hand some of these 
rocks have no affinity whatever with the normal gabbros and basalts. 
They are characterked by a high content of fddspathoids, and their 
affinities are evidently with the nephdin^yenites. In the following 
account we start with the alkali-rich rocks of essentially gabbroic 
type. 

Efisexlte is one of the least satisfactorily defined of the basic 
rocks, and the name is applied to widely different mineral assem¬ 
blages. The original cssexite occurs in association with nephelinc™ 
syenites at Salem Neck,* Essex County, Massachusetts, and was 
defined in rather general terms by J* H. Sears. On re-examination 
the type-rock proved to have suffered contact metamorphism and 
metasomatism by an adjacent intrusion. Fundamentally essexite is 
a dark-coloured gabbroic rode in which a varied assortment of 
coloured siHcates may accompany plagioclase^ typically near 
labradorite, and small amounts of alkali-feldspar and feldspathoids. 
With regard to the last named, opinion seems to have been far 
from unanimous as to the amoimt of nephelme and/oE anaddte 
which should be present. Certain so-called essexites froan Norway* 
described by BrOgger, are not notably different from rocks which 
others v^uld term cilivine^abbrost they contain no nephelme^ 
Another well-known essexite from Rongstock in Bohemia contains 
only trifiing amounts of that mineral; but in the Scottish essexites 
nepheline can be discovered in thin sections, although it has to be 
searched for- But although the mere list of minerals present does not 
suggest a highly distinctive rock-typep actually the Scottish 
essexit^ are well characteriaed, though it is textural quality rather 
than mineral content that is important (Fig. izo). Insofar as the 

» ^VG^shi^gton, H.S./tnePetognipliKilFmvincflot Ew* Covuty.iiM./* 
Gtd., vii {iftgg). p. jj. 
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rocks consist chiefly of labradoritCp titanaugitep olivinep apatite 
and ildienite, they like many another olivine'gabbro ; but 
tucked away in the interstices between the laths of labradorite 
be found patchy of nepheline> of unmistakabk analcite and of 
orthodase. Further, the olivines are fresh and dear, the titan- 
augites paitioilarly well-formed, and at once attract attention in the 
hand-spccunen. These strongly porphyritic essexites are well repre* 
sented by the Crawfoidjohn rock well*known to many Scotsmen, a$ 
it is a favourite ""curling-stone. 

By increase in the amount of nephdine essexite passes into 
theralite, described below. 

Tescheoite (Hohenegger, 1&61) is so named after the original 
locality, TescheUp in Sileda. In mineral composition teschenite is in 
general Eke gabbro^ but differs in containing analdte as an essential 
constituent. The type is therefore defined as consisting essentially 
of basic plagiodase, near labradorite, cllnopyroxene (usually titan- 
augite)p and analdte, together with the usual gabbroic accessory 
mbiernls. Commonly barkcvikitic amphiboLo occurs in dose associa¬ 
tion with the titanaugitep and biqtite often occurs in small quantity.^ 
Olivine i$ not constantly present, and is therefore omitted from the 
definition of the type; when oEvine does occurs the rock is olivine* 
teschenite. 

In textile teschenites vary widely: they may be ultra-coarse— 
teschenite-pegmatites, coarse to medium—the majority hover on 
the brink between gabbroid and doleriticp while some are notably 
finer than the main body of the intrusion, of which they form a partn 
Such have been called teschenite-basalts^ but as this suggests a rock 
half-way between teschenite and basalt, microteschenite is a more 
appropriate name^ 

In Scotland teschenitic rocks form large, often diflerentiated sills, 
such as the Inchcolm silB which forms the island of that name in 
the Firth of Forth (see map. Fig. 140), and the weU-knq;™ sheet 
expo^ at Sahsbury Crags, Edinburgh [Fig. 6r), Certain of the 
Scottish teschenites contain some alkaU-feldspar in addition to the 
labradorite. Usually it docs not amount to more than 10 per cent 
of the whole rock, but it is a significant constituent, and Johanssen 
considers that they should be given a distinctive name, and suggests 
Glenmuirite, from the locaEty in Central Ayrshire where the ex¬ 
posures of "teschenite'’ in the Lugar Sill occur. 

^ Scott. A., ’ llM Crawfordjotii siad Assodatwi Rocks/* 

1915* P 453 - 

^ TyrreU, G, W„ '‘ClaMificatioH md Age of the AnALcitti^^beariog Rnxiks of 
Scott^d/* GjKjf, Af^.p b: (igz3i], pp. F. Walkisr,' Notesoa the Scottish 

md Ifoiuviu TcBChenites/" CwJf. b {1923], pp. 242-49. 

1 Cunpbell, R ., aad Stenhoiw^ A. Cj., Trans. Ccoi. Sx. Edin^, in [19(17), p sa i. 
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Criaanite, named after a Scottish locality by J. S. Flett (1911) is 
also a type of analcite-gabbro, closely related to tcschenite: it is 
so dose, in fact, that there is little doubt that both names have been 
misapplied—crinaoites have been recorded as teschenites and vice 
versa. Both names are widely used in ofBdal Survey pubUcations. 
The original crininites were collected from (presumably) Teitiafy 
dykes in the neighbourhood of Loch Crinan. Argyllshire. Stress was 
laid, in the description, on their relative hneness of grain and perfect 
ophitic teacture. We would prefer to stress facts of toineral com¬ 
position, howeverp and to cover textural variation by the use of 
appropriate qualifiers. Chemically crinaiutes are dosdy similar to 
plateau-basalts; mineralogically they are close to teschenites, but 
are richer in coloured silicates and poorer in analdte and other 
zeolites. The colour index of the type-rock is rather less than 50, 
with olivine somewhat in excess of titanaugite (22 and 19 per cent 
respectively). Analcite and other zeolites amount to only about 
2 per cent. Walker has suggested that there is room for both 
tesdienite and crinanite in our nomendature^ and that the distiuc- 
tion should be made on the basis of the amount and r6le of zeolites. 
If analcite and other zeolites are restricted to angular interspaces 
between the other doiriinant constituents, the rock, other things 
being equalp of course, is crinanite; but if they uot only fiU the 
interstices but also cause analdtbation of the adjacent pkgiodases, 
the nock is tescbeiute.* 

So far as texture is concerned, ermanites should be brought into 
line with teschenites, and according to their grain size we may 
distinguish ednanites (coai^ from microcrinaiiites (medium 

grain), while the fine-grained equivalent of these types is anakite- 
basanite (see bdow^ p. S20). 

An aOied type in which nephdine displaces anddte is theratite, 
consisting of plagiodase wthin the usual gabbroic range, dino- 
pyrcfcen^and nepheline, together with sundry accessories. Rosen- 
busch proposed the name (1887) tor the plutonic representative of 
nepbeUne-tepbrite—a fine-grained volcanic rock consisting of this 
mineral assemblage. The rock origmally described under this name 
by J. E. Wolff from the Crazy Mountains, Montana, does not corre¬ 
spond with nepheUne-tephrite as it is rich in orthoclase, and must 
be classed as malignite. 

Typical theralites are not common rocks, but specimms dosdy 
agreeing with Rosenbusch's conception of what a theraiite should be 
have been described from the Cordilleras of Costa Rica, the Bobembn 
alkali province and from Scotland. Perhaps the best known 
theraUte, which figures in many teaching coUecdoDS, comes; from 
" Walker, F., 'The term 'Griaanite/ Mag., Im (1934)^ P 
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Duppau in Sud^tenlimd. Equally typical are certain late-Carboni- 
ferau$ e^tamples occurring in Ayrshire, notably in the Lugar com¬ 
posite sillp in which the theralite is aa^mpanied by i^chenite. 
In the Scottish theralite type titanaugite is the most abondant 
component (35 per cent), while labiadorite and nepheline occur in 
appTorimatdy equal amounts (16 per cent each in the Lngar 
t^ralite). An amphibole, barkeviMte in the Scottish rocks, biotite 
and olivine may all be present in varying amountSp but are not 
covered by the definition. If ohvlne is present in significant amounts* 
by analogy with the fine-grained equivalents another name should 
be used, comparable with nepheiine-basanite, though there are 
many precedents for calling such a rock olivine-theraUte by 
analogy withp for example, basalt and oUvine-basalt. 

KyUte (G. W.Tyrfell, 1912) is an oHvine-rich melatheralite which 
is correspondingly poor in nepheline. The name was taken from 
the Kyles of Bute in Scotland^ 

It is perhaps appropriate to introduce at thb point the unique 
associate of teschenite and tberalite in the Lugar all, named 
Jugarite^ by Tyrrell (191 £). In the hand specimen lugarite is dis¬ 
tinctive by reason of the abundant long narrow prisms of barkevikite 
and titanaugite which are embedded in a greyish-giecn matrix. 
Originally the latter was recorded as ctuefly altered analdte, with 
about 10 per cent of altered labradorite and traces of nepheline; but 
the examination of fresh material obtained by boring has proved the 
matrix to consist largely of nepheline, not an^cite. Tlierefore lugarite 
b a barkevikite-theralite. Eufaedral barkevikite and strongly pleo^ 
chioic titanaugite are shown to particular advantage in thb rock, 
while apatite in profusiop, and ilmenito in an advanced stage of 
alteration to leucoxene (Fig. 54) are noteworthy accessories. 

In the types so far considered emphasis has been laid on the essen¬ 
tially gabbroic nature of the rocks, and the subordioatA, though 
very significant, rfile of the alkali-rich silicates. The next group 
consists of rocks which, though equally basic, are definitely not 
gabbroic* as they contain no plagioclase—an essential constituent 
of the latter group. The common feature throughout is the occurrence 
of nepheline, and the rocks evidently lie at the basic end of the 
ncpheline-syenitc range. Some of them, in i^ite of their very low 
sUica percentage, are leucocratic rocks and possesssyenitic affinities; 
but others are melanocraticp and at least in superficiai appearance 
find their proper place among the basic plutonites. 

Although not quite feldsjjar-ftee (the type-rock contains 2 per 
cent of albite), tnoniiioutliltfl may be considered here. NepheUne 
* TyneU, G. W.* in Tram. See. xm ( 194 S), Pr * 3 - 
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m[ikes up three-quarters of the whole rock and is accompanied 
by candinite asscKiated significantly with calcite^ while the coloured 
silicate is a bluish-green amphibole of the hastingsite type. This is 
the really distinctive feature of monmouthite. 

Urtlte (Ramsay, 1894), is named from the type-occurrence in the 
parish of Lnjavr-Urt in the Kola Peninsula, U.S.S.R. No feldspar 
occurs in this type, but ncpheline makes up S5 per cent. The colour 
index is thus only 15. As might be expected the silica percentage b 
very low (45), while the alumina b extraordinarily high, reaching 
nearly 30 per cent, and the total alkalies amount to 20 per cent 
{16 per cent Na^O). 

IJoUte (Ramsay and Eterghell, 1891), with a colour index of about 
50 has a t3ipical basic appearance though there is nothing gabbroic 
in its mineral composition {Fig- 121). Half the rcM;k b nephdine, 
a sodic clinopyroxene is nearly as alnindant, while the accessories 
include apatite, sphene, cancrinite and occasionally melanite garnet. 
IjoHtes occur in the closest association with such typical nephelme- 
syenites as foyaiteSp for example at Spitzkop, Sekukunilandp South 
Africa, and in other alkali complexes, including naturally the type 
oocurrenoe at Ijo in Finland. As ijolite is a oombination of nepheline 
and clinopyroxene with accessories, it b the mineralogical equivalent 
of nephelinite among the basic feidspathoidal lairas. 

Finally, with increasing coloured minerals and le$$ nepheline^ 
ijolite grades into the end member of thb line of variation— ^Jacu- 
plrangite, described by O. A. Derby (1B91) from Jacupiranga in 
Brazil. In an average specimen nepheime may make up a quarter of 
the rock, A sodic diiiop]U'oxenej usually aegiriue as in most o( thb 
range of rock types* and the usual accessories make up the rest. In 
some specLmons the quantity of nepheline decreases as the cobur 
index rises until ultimately jacupLrangite grades into a tjpe on the 
borderline of the ultramafic pyroxenites. The fine-grained equiva- 
lent^of jmcupirangite would be a melanocratic nephelinite: actually 
a fine-grained lava from Ankaratra, Madagascar* has the chetnii^ 
composition of jacupirangite. It was given a bcal name* by Lacroix, 
but b in effect a melanocratic olivine-nephelinitc, containing perov- 
skite and, in some fades, melilite as well. 

The third group of the alkali-rich bask plutunites are essentially 
rich in potassium* as sho™ by the occurrence of orthodase, nr* in 
the under^turated types, of pseudoleudte. 

Shonklnite forms a large part of the Shonkin Sag laccobte in the 
Bearpaw Mountains, Montana. Weed and Pirsson first used the 
name to signify a coarse-grained bask rock* with excess of dark over 
■ Adlcaratnte {LicroU, 1916). 
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Kght mbiftfaJs> and ^th orthoda^c associated with clinopyroKene** 
In the type-rock the chief coinponeiit$ are angitCp orthodase, 
olivine and biotite in order of abundance. In the same rock a little 
nepheline does ocmir^ but only as an aocessoryp and the name 
shonkinite is used without qualihcatiDn when nepheline is absent, 
but otherwise, "nepheEne-shonkinite." The field relations make it 
quite dear that the shonkinite at Shonkin Sag represents a part only 
of ttie magma from which it was foimedp uid that its high content of 
dark silicates wa$ due to crystal'accumulatioii. The only other rocks 
which resemble shonkinite in mineral contents occur among the 
Iampropb)Tes. 

Another named type which appears to be all but synonymous with 
nephehne-shonkinite is mallgDlte (Lawson, 1896), named from the 
Maligns River in Ontario, As in ^onkinite, clinopyroxene is the 
most abundant mineral making up roughly half the rock; orthodase 
and nepheline are about equal in amount, while biotite^ apatite and 
sphene are common accessories. If both names are to be retained, 
the only basis of distinction is in the r 61 e of the nepheline. If it has 
the status of an accessory only, say a maximum of 5 per cent, the 
rock may be appropriately termed uepheEne-shonkinite; but if 
nepheline is essential (more than 5 per cent)p it is mallgnite. 

A malignite of particularSy striking appearance in thin section 
is illustiated in Fig, 133, Two feldspathoidSp nepheline and a member 
of the hauyne-nosean group, aca>mpaiiy or^oclase. Both the former 
are perfectly euhedralp the nephellnes being fresh, save for incipient 
alteration which tends to emphasise the prismatic cleavage. The 
hauyn<son the other hand are turbid, with blue^blaok centres. They 
are of early formation and are embedded in aU the other components 
except olivine. The latter occurs in small crystals^ a little scqjen- 
tinized, and very subordinate in amount to aegirine-augite, which 
has deeper green, strongly sodio outer xones. Magnetite, chiefly in 
octa.Hcdi^ and apatite, in prisms with dark cores, are the chief 
accessories. It may be noted that four of these components show 
perfect hexagonal shapes in suitably orientated sections. The 
orthodase forms large polkilitic plates enclosiog dl the other 
Components. 

A variety of malignite rich in melanite garnet occurs along the 
banks of the Ledmore River in Assynt, Scotland, and was named 
ledmorite by Shandy who later withdrew the term in favour of 
melanite-malignite. Locally the content of melanite rises as high 
as 2$ per cent. 

^ IPtruonK L. V. and Weed, W. H,, BuK^ 5 flc, Amer., vi p. 3S9r 

also Pu:sMii, L. V,,. ' Petrogiapty , , , of the Hifftiwged MoiLataim, Montana/*^ 
BhU. 33 U, S. Cfci. *903* p. 97. 
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Two undersahir^ted types are related to the above in mineral 
composition—fergusite and 

Fergusite {Pirsson, 1905). is another type described from the 
Highwood Mountains^ Montana^ It Ls chemically similaT to shon- 
kinite, but is ideally feldspar free, with leucite repLadng orthoda$e« 
As is normally the case with deep-seated rocks, the leudtes have 
inverted to the mixture of ncpheline and orthedase termed pseudo- 
leodte. The latter makes up half the rock (§5 per cent in the type- 
rock), while aegirine-angite is the chief coloured silicate, and magnet¬ 
ite the mostahuadant accessory. Feigusite occurs also in the Roman 
volcanic province^ but is known only in the form of ejected blocks, 
associated with itditc (see below) in agglomerates. Recently a stock 
of fergusite has been discovered near Tashkent in the U.S.S.R. 
Again pseudoleucites make up about half the rock, which cbeinically 
is characterized by low silica (48) but high potash (9-5 per cent), 
Fergusite is evidently the equivalent of the basic lava, leucitite^ 
and there are no doubts as to its affinities: it lies at the basic end of 
the leucite^sycnite range. 

MlasouHtc (W. H. Weed and L. V. Pirsson, 1896), also comes 
from the High wood Mountains, Montana, and is obviously related 
to feigusite, but is more melanocratic. Roughly half the rock consists 
of augite, olivine is also an important constituent, magnetite is the 
chief accessory, but leudte has dwindled in amount to some 15 per 
oent^ Missourite is an olivine-melafergusite and is the mmeralogical 
equivalent of olivine-leucdtite among the basic lavas. 

A connecting link between the coarse- and fine-grained rocks of 
this composition is afforded by a minor intrusive type termed 
"missourite-porphyry '^ by R. A. Daly (1913), which he discovered 
in British Columbia. In the interests of consistency we would prefer 
to call it porphyritic micromissourite. 

Some doubt attaches to the status of borolanite, named by Sir 
J. {1892] fromljpch Borolan in the North-West Highlands 
of Scotland: but the type is neverthel^ an interesting one. The 
dominant constituents axe orthodase, "^^pseudo-Ieucite," melanite, 
green bioUte and pyroxene. PiagioclaW (oligoclase) and nephehne 
are subordinate, while the accessory minerals Include sphene and 
purple fluorite. The typical rock b a granular aggregate ol ortho- 
tlase, melanite and biotite, containing polyhedral to spherical 
light-coloured patches, whidi under the microscope resolve them- 
^Ives into aggregates of orthodase and nepheline, the latter altered 
large part into "pinite" and zeolites. These are the supposed 
pseudo-lfiudtes. The orthodase also contains polygonal patches ol a 
very delicate intergrowth of the zeolite, mc^Iite and orthodase 
* TrdTtf, Rcy. See. Edin., u^vLi p. 163, 
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\ ThefUlite, Three Peaks. Ci^zy Mts,, Montana, AnaJ, G, Sctmeider. 150 US. Gt&L Swre,. 1^98. p. aoi. 
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which arc po^ibly paendomorphous alter sodahte. Shand ha$ 
questioned the identity of the rounded white spots m the tj^rock 
with the undoubted pseudo-lcucitcs of other localities, in spite of 
their dose resemblance in general appearance, chemical and mineral 
composition,^ 

II, BASIC ALKALI-RICH IGNEOUS ROCKS OF MEDIUU 
GRAIN-SIZE 

On account of their comparative rarity there is little point in 
attempting a full systematic description of the mediuni-grained 
equivalents of the rocks considered above. Many of them would 
be bj^thetical, others have already been mentioned in passing. 
It is known, for example, that rocks of the teschenitic mineral 
association vary in graiciTsize between coarse and fine. As we have 
applied the prefix "micro-"' systematically to rocks in the medium 
grain-size group {to avoid doubling the number of rock-uames 
used), by comparison with the plutonites defined above, the meanings 
of such terms as microtesebenite, micromissourite, etc.> are self- 
evident. Microteschnoito is, in effect, an analdte-mioogabbro, 
belonging to the medium grain-si^ group in virtue of its degree of 
crystallinity, and in mineral composition matching the type teschen- 
ite sufficiently closely as to justify using its name. 

As an example one rock in this group is illustrated in Fig+ 133^ 
It is a dark-coloured compact tock, in the hand spedmen very 
different from the coarse ij elite with which it is associated in the 
field, and which shows prominent lustrous prisms of aegirme, lemon 
yellow cancrinite, and reddish nephdine. In thin section, however, 
the microljullte is seen to have just this composition^ the several 
components forming an intetloc^g granular mosaic: even the 
abundant apatite is anhedraJ. In addition to the grains of brilliant 
green aegirine, this mineral occurs also in the form of minutely 
adci^ crystals, regularly orientated in parallel swarms. The 
aephelines occasionally show "ghost-crystals” outlined with globular 
indurions. The most significant accessory is caldte* surrounded with 
cancrinite forming a reaction rim of radially disposed fiakes- 

Reference may be made at this point to the albite-microgabbros, 
commonly called alblte-dolerites. In their general mineralogical 
characters they simulate normal doledtes, but the place of the 
labradorite is taken by albite. There has been much discussion as to 
whether the albite is primary or secondary. In many cases it is 
demonstrably secondary, as the feldspars are charged with hme-ric!! 
minerals in granular aggregates often concentrated near the centre 
f Sliaiid. S, J,, Trems. Crfof. 5«. ix pp, lea jjid 376^ 
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nc. 113 

MicnxjolitCj Spitskop, Sekulcociilandi, Soutli Atria, Aegtrine, AtippLed; neplie- 
biie but aunod wcMioaaUy: apatite, with '^vamuh^' csf aacrmitfi 
(top, c^ite with reactian rim of cancriuite 


of the ciystal- Further, the pyroxene b often more or less altered 
to secondary amphiboile or chlorite. If, however, the albite is pri' 
maiy then we are dealing with a distinctive rock-t3fpe and a spedaJ 
n^me is justified: it nught even be argued that albite-microgabbro 
or albite-dolerite is not stifficifQtly distinctive, as we have sepa- 
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ratwl albite from the plagiodases for puiposes of 
and plagiocla^e is essential m gabbro and therefore in miciogabbro. 
One such rock has indeed received a special name, and has already 
been mentioned. Min verite/ named from the parish of St, Mmver in 
Cornwall, is fundamentally an albite-microgabbro, but there are also 
sufficient special features to justify the special name. It contains 
barkevikite in addition to pyrojcene, while biotite also is prominent. 

tll. TH^ FINE-GRAINED ALKALI-RICH BASIC IGNBOOS 

ROCKS 

In earlier editions of this book the rocks in these cat^ories were 
referred to collectively as "*alkali-basalts.** But as this name has 
been used in a much more restricted sense by Rosenbusch* for a 
division of his "trachydoleriteSp"" it has been abandoned. 

The most distinctive features of these rocks are their hne-grainp 
their general resemblance to basalts, and on the mineialogical side 
the occurrence in them of essential feldspathoids. For convenience 
we indude corresponding types characterized by the presence of 
analcite and kalsilitep for though strictly speaking neither mlnera] 
is a feldspathoid, both are under-saturated. 

The classification of these rocks is effected, firstly, according to 
the kind of feldspathoid or allied mineral present; secondlyp whether 
feldspar is present or absent; and thirdly, whether the rock is 
olivine-bearing or olivine-free. 

The essential features of the main types are shown in tabular fonn 
on page 320. The kalsilite-bearing types are d^cribed separately. 

Rather more explanation than usual is necessary to ju^tilyp or at 
least explain, the choice of names. The only thing to be said in 
favour of some of them is that they are long-^tablished tenns, so 
well entrenched m geological writings that there is little hope of 
displacing them, though they may be illogical and misleading. 

Ths^^^phrites and basanites are comparable with basalt and 
olhdne-basalt respectively. Tepbrit^ may be defined therefore as a 
fine-grained basic igneous rock, occurring either as a lava flow or a 
minor intrusion, and composed essentially of plagioclase of the kind 
occurring in norma] basalts, together vnth clinop3rroxene and/or 
amphibole or micap in association with nephelinep leucite or analcite^ 
According to the dominance of one or other of the fddspathoidal 
mincralSp it is possible to distinguish between aephehne-tephrite, 
leudte-tephrite and analdte-tephrite. 

^ The addition of oJivine to this miiieTal association should logically 
give olivine-tephrite; but the term basaiifte, introduced by A. 

■ Dewf-y, H. and Flett, J. S.. p. ^09.^ 

> C>nmi‘Ro»abusch, Ehmwrm GtsUinliJ^t, 1923^ p- 455 » 
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Brognbrt (1813) ts firmly established and popular. Again it is p^ible 
to recognize nepheline-basanite, leucitfi-basanite—-probably the 
commonest ol all these lavas—and analcite-basanite. Further 
detailed definition is unnecessary. 

In the feldspar-free types the resemblance to basalts no longer 
holds and the similarity arising from the presence of nepheline or 
leucite b less significant than the difierence resulting from the 
elimination of plagiodase. In no sense cm these rocks be classed 


Essential Features of Tim Main Types of Fine-Grainbp 
Alkalt-Rjch Basic Ioneous Rocks 



Without Olivins 

Olivine 

Leucite 

Series 

Containing Feldspar 

LEUCITE-TEPURJTE j LEOClTE-nASAHnE 

Types witho 

LEUCITITB 

at Ftidspar 

OLiVrNE-LEUCITITE 

Nepheline 
and Analcite 
Series 

NKFHEl.INrrE 

OUVINE^-NEPHELINITE 

CoTtiaimn 

N EFHEXJNE^TEPHRITE 

ANAt-ClTE-TEPnaiTE 

g Feldspar 

NEPHEUNE -B ASANITE 

AN ALCITE-B AS ANITE 


feldspathoidal one of the fundamental cons^tuwrb of 

basalts is absent. The names commonly used for the combination 
nepheline and pyroxene, and leucite and pyroxene, with aooessories 
are, as stated atove, most illogioally cboseii. They are nepfaelinlte 
and feucitite (Fig, 124) respectively: and by andogy wc may add 
the hypothetical analdtlte to complete the trio. It should be noted 
that although "albitite*^ is monomineraiic^ ccxisisting solely of 
albite; and ''olivinite*' is a pure olivine rock; and “"diallagite*' one 
consisting essentially of diallagc only^ yet "'nepheUnite" is not the 
monommerahe nepheline-rock, but as shown in the table, is a basic 
ncpheline-bearing lava, containing neither plagiodase nor olivine. 
Accepting "nephelinite," and by anaIog>v "leucitite'* and ''anal- 
dtite” in tMs sense (though upder profit, for it b wholly illogical]* 
















THE ALKALI-RICH BASIC IGNEOUS ROCKS 321 

the addition of oUvine should give “olmne-nephelinitep'' '“^olivine- 
leudtite/' and "olivinc-analdtite"—not "nepheline-ba^tn'" etc., 
though unfortutiately the latter term is still advocated Li some 
quarters. 

In all those rocks in this group which contain leudte the latter, 
by reason of its distinctive optical propjerties, is most easily identihed. 



Leucitite, Capo Bov^, near Rome. 

Small eubedial Icacite^, dinopymxeae. 4 little mica, accesory apatite «nd 
magdctitc, The gTDundm&ss 19 ^l4±a. 


It commonly occurs in two generationSp the phenocxysts in many 
instances being easQy identified in hand specimens, by their icosi- 
tetrahedral shape and off-white colour. The first generation leudtes 
show their characteristic complicated twinning, but the smaller 
individuals in the groundmass are usually singly refracting. The 
nephclbie, on the other hand, may be much more difficult to identify. 
In the most favourable drctimstances the characteristic hexagonal 
basal sections and rectangular verticil sections are very dbiUnctive 
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(Fig. 125)* But in other cases the relationship between the nepheline 
and other mineTah is difierent: the fomier may occur in disseminated 
grains, largely interstitial to the other components of the ground- 
mas$, and can be proved only by roicrochemical tests. 

Analdte seems to be restricted to the groundutass of those lavas 
which contain this mineral. Although by analogy with the nephelkdc 
and leucitic types we suggest the recognition of four types named 
above, only one of them, aanldte-tmsanltep &eems to have been so 
far discovered. The identihcation of small quantities of analcite in 
fine-gTained rocks demands skill and very careful manipulation of 
the microscope: there are other colourless minerals with such closely 
similar opti^ properties that spedal tests are really needed to 
establish the identity of the mineral with complete certainty. A 
typical example occurs at Calton Hill, Eterbydiire- It has the appear¬ 
ance of an ordinary oUvine-basalt on superheial examination, hut 
the analcite is present, forming small rounded areas (ocelli), and 
in the aggregate is estimated to form some 14 per cent of the 
rock.* 

The nephelinic and leudtic lavas usually occur independently, in 
separate areas. Thus in Turkana* and areas on the east of the great 
Rift valley in Central Africa, the igneous rocks which cover a wide 
range of types—from acid to almost ultrabasic^—are sodio; but on 
the western side, they are poLassic^ leucitic tyrpeSp The sodic lavas 
belonging to the group under consideration indude nepbeline- 
tephrites, nephelme-basanites, analdte-basardtes, nepheiinites and 
olivine-nephclinites, some of which are probably the examples 
of their kind (Fig. 125). The striking nephellnlte illustrated is 
noteworthy for the spectacular display of euhedral nephelines, 
large titanaugites with pale green outer zones^ the relationship 
between the laige plates of poildhtic phlogopite and the augiteSi and 
the poikilitic sphenes. Attention is drawn to certain textural 
features, not ably the evidence for late growth of the phe:,^'ysts: 
the outer zones of the augites endose numbers of small nephelines 
poikilitically. 

Leucitic lavas are characteristic of, and best known from the 
Roman volcanic provincei and at one time were thought to be 
restricted to it ; but they have now been recorded from a number of 
widely separated localities: the Leudte Hills in Wyoming^ Uganda 
and Tanganyika, the West Kimberley District in Western Australia, 
the Butch East Indies and Antarctica. In addition to more normal 

I " The YoLconk Cantpli^ af Caiton Hill (Derby^hira^/^ QnoF. 

Jottm. GpoJ. p. 7*5. 

• Campbell Sm i tli, W,, ^'Petrographic Descripticu ef Vokuic Hodk9 itom 
Turkaaa, Kecya Cokmy .. .h" Quanjtmrm. Soc,^ p. 507. 

r * 
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TIG. XX5 

Nephftlkute, fionimft of Lodwar HiU, qgrthcra Turkmu, Kenya Cglony. 
Brit. Mas. ruf. Ko. ^.1936.1353,1^5-. 

Far dei«Tjptkia seettxt, p. 344. PyrDxeiL&, stippled; nui^netite. black; sphtm, 
ncavy 5ttppl«. Pb^DgopitA with indvcat-ed. There arc two 

gAngntioni of pyraa#qe. • 
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types Uganda has provided unique lavas containing the silicate, 
kalsilite. Many of these rocks are fitted into a scheme of classification 
with SOTie difficultyp and every new discovery results in new rock- 
names. 

Although not a new discovery, italite [Washington p 1920)/ 
remains a most puMLng rock-type. It is not known in place, but 
occurs among the blocks in an agglomerate in the Alban Hills near 
Rome- It consists almost entirely of large leucite crystals held to¬ 
gether by a small amount ot whitish matcKal believed to be altered 
glass. This is most significant materia), for il it is actually gbsSi 
it proves the rock to be a porphyritic lava consisting soldy 0^ pheno- 
crystal Icucites, But whatever the depth at which it originated, 
italite is evidently a cumuhpkyric rock, consisting of sorted ciystals, 
which on account of their low' specific gravity must surely have 
accumulated at the roof of the magma chamber. As we have argued 
for other cumulophyric rodra, anorthosite lor eKamplcp such an 
accumulation could be neither intruded nor extruded, but could be 
disrupted by volcanic explosionsp as has happened in this soUlary 
case on record. 

From the West Kimberley area. Western Australia^^ four distinc¬ 
tive lava-types, connected by rntermediale varietieSp have been 
described. The common feature throughout the series b the domi¬ 
nance of Leucite, varying from 20 to 60 per cent in different 
specimens; the complete absence of feldspar b an important feature,, 
w'hile the associated ooloured minerals show considerable variety. 
One type, carrying up to 20 per cent of phlogopitep b obviously 
related to the Icncitic lavas of the Leucite Hills, Wyoming^ (p. 255)' 
A second variety b characterized by phlogopite accompanied by a 
manganese-ampbibole near kataphorite in composition; a third 
contains leucite and thb amphibole; a fourth contains diopside 
prisms and pseudomorphs after oUvine, and is therefore an olivine- 
icadtite. The most striking thing about these rocks b the-^-'«t that, 
although they are claimed to be "the most richly leucitic rocks in 
the world;"' the preseiv'ation of the leucite is simply an accident of 
their cooling history, for they contain plenty of silica to have formed 
sanidine to the exclusion of Leucite, if they had consolidated 
under other conditions. The silica needed for this convemon b 
present in the glassy base. The magma from which these rocks were 

K Wuhingtnq, H. S., "ItJiliteH 1 new Lctbdtc KckJc/' Amer. Set., 

1 ugao}, p. 33. 

t- WadCp A. and Prider. R. T., ""nie Leucitc-beariEig Rocks of tht West 
Kimberley Area, Wostem Austiid La/" jemwn^ Otol. Soc., xcvi ( 194 ^)# 

p, 39 - 

] Cms, W., [goeous Rocks of the Leucite HiUs. etc.,'* /okth. 

Sd,, IV pp„ ¥34 and 1$^. 
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formed was exception^ in several respects, however. The amotmt 
of Ti is very hi^h throughaut^—roach of it Ls pre^nt in the phlogopite 
and other dark mmetak, but some appears as rutile, which reaches 
6 per cent in one type. The content of barfum also is notably high* 

These rocks are difficult to placch So far as their actual niineral 
composition i$ conoemed* they roust be r^^arded as basic feldspath- 
oidal lavas of the leucitite type' but potentially they are nearer 
to kucitophyTe, and the one feature which *'tips the balance'^ is 
the essential basicity of the magma from which they crystallized. 

As previously noted, one of the rock-types dcscril^ by Cross 
from the Lcucite Hills, Wyoming, may be <^nsidered here, though 
its systematic position is, if possible, even more debatable. It- is 
linked to the other leu citic lavas of the district by the occurrenoe 
of phlogopitc, second in importance, however, to diopside which 
makes up nearly half the rock. Apart from minor ajccessories, among 
which perovskite is noteworthy, the$e are the only minerab present: 
no ^tual crystals of kudte occur, but one-third of the rock is 
leucite-glass, i.i., potential leudte. Thus chemically at least, the 
rock* is the equivalent of missouritc among the coarse-grained 
fddspathoidal rocks. In the volcanic region of Central Africa 
feldspathoidai lavas of diverse t5?pes occur. In some regions they are 
strongly potassic; elsewhere they are just aa strongly sodic* The 
potassic suite includes definitely ultrabasic types, invariably 
feldspar-free, notably rich in mafic minerals and certain minor 
constituents Including TiOg, BaO and SrO. As might be expected, 
leucitc is widespread; but some types contain the less siliceous 
kalsLlite, first discovered in these rocks, and so far known only from 
this region. The rock-type named katungite by Holmes, from the 
extinct volcano Katunga, consists of the assemblage kalsilite, 
melilitCi olivine, perovskite and iron-ore, together with some glass. 
As all these minerals are unsaturated, katungite roust be <Hie of the 
most rocks pi^ible—it contains only 54 per cent of SiO*. 
The assimilation of silica from xenoliths incorporated in the magma 
has led to the progressive elimination of kalsilite, the place of which 
is taken by leudte. At the same time the intake of additional 
silica causes the progressive displacement of meliUte in favour of 
augite* Ultimately, therefore, a type was produced which consists 
of oli^-ine, augite and leucite, with perovskite and iron-ore ^ 
accessories. Here vre are on known ground, for this is the assemblage 
characteristic of oli^dne-leucitite. This particular variety is a melano- 
cratic fades of the type and is termed “ugandite^’ by Holroes,^ 

< Tunned '"irtadtjpitft" by W, Crow. 

* Holmw, A., "'A SaUe Volcwic l^ocka from Sonth-We^t Ugaoda . . 
p. 197* f 


326 THE PETROLOGY OF THE IGNEOUS ROCKS 

In the magmatic sense ugandite is the equivalent ol the deep- 
seated "Idmberbtc'' of the South African volcanic pipes. 

THE OftiniN Of THE LECCiriC LAVAS 
Although Jeucitic lavas are of wide distribution, in bulk they arc 
nowhere spectacular. The Roman volcanic province 15 the most 
extensive, covering approximately 2,000 square miles; while the 
Central African province, referred to above, occupira some 1,500 
square mileSn In Java leudtic lavas have been emitted from a line 
of volcanoes extending over 300 miles. In North America the Leudte 
Hills in Wyoming remain the only considerable area of leudtic 
rucks. Similar rocks have been most recently discovered in the 
West Kimberley area in Western Australia, referred to above. On 
actormt of their quantitative insignihcance, it is obvious that 
we are not dealing with normal differentiate of one of the wide' 
spread magma-types. Probably we are dealing not with one problem 
of origin, but two. In the Roman province the dominant type is 
kudie-basanitep which in effect is oliviue-basaltj with leudte in 
addition. There Is thus strong presumptive evidence that the 
original magma was basaltic. In the Central African province,^ on 
the other handp the leudtic rocks are not associated with basaltic 
derii'ativeSj but with a variety of ultrabasic (peridotitic} rocks 
represented by blocks in the agglomerates^ and xenohtbs m the lavas 
themselves, llie close assodation led Holmes to daitn a genetic 
relationship between the leudtic lavas and a peridotitic magma. He 
thought that to produce ugandite from peridotite it was necessary 
to abstract^ by crystaUizatbu, certain high-temperature and high- 
pressure components, notably edogite. The abstraction of the 
latter, with the abnormally high soda to potash ratio of 9 to l, wnuld 
give appmximately the requisite preponderance of potash over soda 
that characterizes the Uganda leudtic rocks. Two points arise here: 
firstly, there is no tangible evidence that eclogite Wa^in fact 
abstracted—it is unrepresented among the erupted blocks here¬ 
abouts. Secondly, preponderance of potash |$ not a prerequisite 
condition for the crystallb^tion of leucite. In some leudtic rocks 
soda actually outweighs potash in the proportion of nearly three 
to one. In diflerent families of leudtic lavas the KjO : Na^O ratio is, 
on average, 3 -8,3*6, 3«i, 3' □, 2*3, 2* i and i ■ 6 while in individual 
rock-types it ranges from 0-4 in a leudtite and 0-9 in a leudte- 
basanite, to 9^0 and 6*7 in Leudte HUls types. This U only to be 
expected as there is every gradation from exdusively leudtic lend- 
tites to exdusively nephclbiic nephelinites and olivine-nepheluiites. 
Similarly, the sihea percentage varies from over 55 to 33 per cent. 
Summarily, the leudtic lavas cover a very wide range of chemical 
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composition, and it is very onlikeiy that they have all origbiatcd 
frcmi one type of and in one way* It appears to 115 likely that 

the physical control during crystallizaUon may be more important 
than the actual composition of the magma. In a $eiiK all rocks 
containing orthodase—and they are many—are potentially Icucite- 
bearing mider certain conditidcis. In the vast majori^ of cases the 
leudte is prevented from crystallkltig as the magma contains too 
much silica, therefore the solution seems to beio remove the surplus 
silica. It has been shown above that desilication is effected by the 
assimUation of limestone or ultrabasic material. Obviously it is only 
necessary to invoke desilication when the orginal magma is silica- 
rich. One stage in the process is eliminated by starting, as Holmes 
did. with an ultrabasic magma, Shand has argued the case for lime¬ 
stone assimilation; it is strongest in the case of the Roman province 
where the magma-source underlies a massive limestone formation; 
it is weakest in Uganda, where there is no obvious ossimilahle lime¬ 
stone; but one can always claim deep-seated assimilation, and this 
is not possible to disprove. It is important to realize that since 
leucite originates, and is only stable at. high temperatures, it is 
produced in magmas at depth, and only becomes visible at the 
surface when these magmas are erupted and rapidly chilled. Thus 
they can never be seen in actual contact with the material to which 
they owe their origin. In this respect they stand in marked contrast 
to nepheiinic rocks, whose origin is established in many cases by their 
field relations. With the leucitic rocks the only hope on these lines 
Ues in the nature of the erupted blocks: and in this connection the 
altered limestone and Lime-silicate blocks of the Roman province and 
the blotite-peridotite, biotitc-pyroxenite and biotitite of Uganda 
become significant* 

Much of the argument developed above is based on negative 
evidence. It remains to note one vital item of positive evidence. 
Brouwtx has recorded the occtirrence of a small fragment of lime¬ 
stone surrounded by minute lendtes, set in a non-Ieucitic matrix of 
noima] andesite. Finally^ it is intrigumg to realise that by whatever 
process the leudtic magma was produced in Central Africa, it was 
so far under-silicated as to produce KAlSiO^^ and the microscope 
shows that some, at least, of the lendte resulted from silication of 
this kalsilite, by assimilatioii of siHceous xenoliths. Since describing 
katungite^ Holmes* has formulated various hypotheses of origin for 
this suite. The original one. referred to above {p. 326) has been 
discarded in favour of one involving reaction between some of the 
components of granite, with a hypothetical car bona tite magma. 

' A., ''Petuweneaia <rf katujsjfitc/' A»ur, MtH., law, u. 772^ and 

cf. Afi*, Mvi (1942)* p- a 14-15. * 


CHAPTER VI 


THE SYENOGABBROS AKD TRACHYBASALTS 

(I) SYENOGABBROS 

Au okcj both the basic plutonites And lavas of the same composition 
rocks occur in which the characters of syenites and tracbj^es on the 
one hand« and gabbros and basalts on the other, arc combined. 
Wthin the generlal basic framework, afimity with the former should 
be shown by the occurrence of alkali-feldspar, ivhile affinity with the 
latter should be indicted by the occurrence of plagiodase near 
labradorite in composition. The fundamental facts then are two in 
number: firstly these rucks are thoroughly basic as shown not only 
by their silica percentage, but also by their high colour index. 
Secondly, alkali- and calc^alkali feldspar cccur in association, and 
ideally in nearly equal amounts. These facts suggest that the best 
group name available is syenogabbtu for the coarse-grained, and 
trachybasalt for the fine-grained, members. 

In a broad sense it might be argued that certain of the types 
already considered under the general heading of ^"alkali-rich basic 
igneous rocks/' should fall in thi$ category'—^theralite being a case 
in point. Be that as it may, it is agreed that true syenogabbros are 
not common, but that the Scottish type kentallcnite is a gcxxl 
representative of the group. 

Keatallenile^ was discovered at Kentailen near Ballachuhsh in 
western Scotland. It is a heavy, dark-coloured rock, with prominent 
patches of bronzy mica and an abundance of black crystals embedded 
in a rather meagre feldspathic base. In thin sectioUj^tensive 
poikilitic plates of biotite occur in intimate association with all the 
other components. The most abundant mineral is a light greenish 
augite, in euhedial crystals. Olivine is very' prominent, chiefly as it is 
densely charged with a separation of magnetite, as a fine dust that 
imparts a general grey colour to the crystals, and also as irregular 
dendritic patches. The feldspar i$ not easy^ to deal with; but careful 
examination will usually show that both plagioclase and orthbdase 
are present, shovdng the same sort of relationship as in monionite, 
but rather less obviously. All of these features are illustrated in 
Fig. 1^6. 

T liiU, J. B. Lnd KynuCon, H.. *'OtL KeDtaUeoitt and iu Relation to other 
^Mor, Joum, Ctd. N-i p, 531, 



THE SYENOGABBROS AND TRACHYBASALTS 329 



FIG, 126 

KeatftJlenitd, the type-rwk from Kentilleii, AiKyU^^> Scotliad* 

OLvine fcloK stipple) enclosm^ deodrltic amgite (light stipplt); 

bkttite. lined; plafioclue shown in outliae with tnc» ol the twinning; 
^thodase left bla^; apatite obh shnwn. 
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It should be realised that kentallenite h a v^ry distinctive type 
of sycjiugabbro; but all s3^enogabbros are not kentailenites. 

Since the origind discovery, rocks resembling kentallenite have 
been found in the Caledonian and Old Red Sandstone complexes of 
the South-West Highlands at Glen Orcby and elsewhere; but not all 
of them are strictly to type. In some there is no orthoclase, and the 
extension of the definition has been advocated so as to include these 
rocks.* It seems obvious^ boweveTp that kentallenite without its 
orthodase has lost its most signihcant feature, and is merely a 
biotitc-olivine-melagabbro. Strangely enough kentallenite has been 
recorded in apparently only one foreign area: it forms part of an 
alkali complex on the Ishim River in western Siberia. 

(II) MICROSYENOGABBEO 

Rocks of medium grain size corresponding in their mineraJogical 
attributes with syenogabhrt^ are to be distinguished by the prefix 
"micro-/' If and when a medium-grained rock having the special 
features of kentaUenite comes to lights it should be named micro- 
kentallenite. There is no need to describe it—its characters are 
already well known. 

(HI) TRACHYBASALTS 

The fcne-grained equivalents of the rocks just considered are 
collectively known as trachybasalts, by strict analogy with the 
coarse-grained members of the dan^ They are not easy rocks to deal 
with satisfactorily. There is hound to be some dificulty in differ¬ 
entiating between trachyandesites and trachybasalts; but the 
theoretical difference is obvious enoughs Both are characterized by 
the occurrenoe of alkahTeidspar (of trachytic rocks) associated with 
plagioclasc (of andesitic and basaltic rocks). The dMerences are the 
same as those between anderite and basalt: these have beew already 
discussed (p, 257). The presence of olivine, of a plagioclase more 
calcic than and a high colour index indicate trachyhasalt. 
Normally the pkgioclase occurs as phenociysts only, but rarely some 
is to be found also in the groundmass. Similarly the alkali-feldspar 
is often restricted to the gronudmass, but may occur as phenocrysts 
in addition. The plagioclase ranges from labradorite to anorthite; 
the alkali-feldspar may be any of those tjpes appropriate to trachytic 
rocks—it may be sanidine^ ''soda-sanidine" or "anorthoclase." It 
frequently forms a narrow but distinct mantle around the plagiod^e 
phenocrystSp but the greater part is microlitic. Coloured silicates 

■ Cf, E. n.. in ^'Gcclogy of GIcdck And Ben Ne™/” Mem. Ged- 

Sutv.j. Seolland^ 191^, p. * 


THE SYENOGABBROS AND TRACHYBASALTS 331 

are abundant and determine the mdanocratic character of these rocks. 

Several varieties have been described from the YdJovratone 
National Park, Wyoming, by Iddings^ under the names absarokl tea 
(more basic) and shoshordtea (less varieties). Washington has 
described lavas from Italy which are evidently on the borderline 
between trachyandedtes and trachybasalts. Thus vulslntte^ 
(Washington, 1897) contains phcnocrysts of ajiorthite (6 per cent). 
There is some [abradorite (12 per cent) in the gToundmass; but 
70 per cent of the rock is "'Ra-orthoclase'' and the cokmr index is 
only about xo* Further^ biotite occurs among the pheaocrysts. 

Some petrolo^sLs refer the Scottish type mugesrite to the 
tracbybasalts, A. HarkerJ used this name 'for certain fine-grained 
rocks of basaltic appearance occurring in composite sills at Mugeary 
in Skye. Subsequently the same type was discovered among the 
Caiboniferous lavas in the Midland Valley of Scotland and (although 
called '"oligoclase-andesite'' by the American petrologists who de¬ 
scribed them) Ln the Hawaiian volcanic province. Mugearite is 
thoroughly baricp and the only porphyritic: coloured mineral is olivine, 
occurring as micro-phenociysts. The fddspaip however* is oligoclase, 
forming scattered microphenocry'sts and abundant fluxionally orien¬ 
tated micTolites in the groundmass. Mugearite Ls certainly not a 
normal calc-alkaline basalt: its systematic position in the scheme of 
classification is debatable. 

(IV) SPILITES 

Still more problematical are spllltea,^ the origin and significance 
of which have been much discussed. Spilites are basic lavas with a 
silica percentage httle over 40 ; hut in spite of this, the feldspar they 
contain is pure albite. Normally albite is found in syenitic and 
trachytic rocks—when it is priinar>'. Here are grourids therefore 
for discussing whether or not spilite should be placed with the 
trachyhz^ilts. On the grounds of its mineral composition 

there is some support for so doing: but most spilites are strongly 
vesicular rocks, and the vesicles, which make up a considerable part 
of the rock in the a^egate, are usually caldte-fiUed- If. as is 
probably the case, the CaO in thU caldte ^me (by leaching) from 
the surrounding plagiodase here is a for the albite. 

Usually, but not ^ways, the coloured minerab in spilites have been 
converted into chlorite and other secondary products. For this reason 

1 P 935 * . V ( 16 ^ 7 ). F S5- 

’ Tmujy Igneous IW13 oi Skye/' GMt. Stmr., 1904. p. £64. 

i WftUfl, h. K., “The Probieiu of the 

Sandius. “On the SptUtk Rocks.'' Gfoi. 1930. p- i: Vua^nat. M., 
Sur quetquea diabases suisaes; conthbutiou k I'Atude du probJkoie d» xpilitea 
et dtapilLTw lavM/* Bull. Suisu dt Min. 5 »vi (194^), p. 135. 
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many pctiolpgists dismiss spilites as merely altered basalts; but 
others attach significance to the mode of occurrence as well as the 
petrographic characters of these lavas. They are invariably sub¬ 
marine and usually exhibit pillow structure. The latter is so uniformly 
developed that some people have been misled into thinking that 
"spilite" and "pillow lava” are synonymous terms; this is far from 
being the case. 

Spilites in Britain are restricted to the Precambilan and Lower 
Palaeozoic lavas erupted on the floor of geosynclinal seas. They are 
refeired to in the accounts of these rocks in the last part of this 
book. Abroad, spUites have been described from a number of 
localities induding the Western Altai in the U.SS.R*. and from 
the Anui range in north-eastem Siberia, where they are of PcmiO” 
Triassic age. 

Experimental work carried out by Pentti EskoJa* has an importan t 
bearing on the problem of the spilites and the associated ^‘inter¬ 
mediate" lavas, the keratophyres, and the "add” quart^-kera- 
tophyres. He succeeded in bringing about the albitization of basalt 
under laboratory conditions at temperatures as low as 250* C. 

* Eakoli, F., '^An c^^rimcDtal UluBtiiittoiL of thfs ipUitc reaction/'^ 
ttndus Soc. Fintmdt. No. 9 P- 


CHAPTER ¥II 


THE ULTRAMAFITES 

<I) COARSE-GRAINED: ULTRAMAFIC PLUTOPOTES 

The Hltramafic plutonites consist essentially oi ferroma^esian 
minerals and accessories only. The occurrence of any kind of feldspar 
in more than very subordinate amounts excludes a rock from this 
group. They never form large intrusions and never occur indepen¬ 
dently of other larger rock-bodies to which they are genetically 
related This is a matter of field observation; and the field relations 
of these rocks are such as to demonstrate their origin by crj-stal 
accumulation. They consist of crystals of high density and early 
formation that were deriv-al from a much larger body of magma by 
crystal sorting under the control of gravity. As a consequence of 
this, the ultramafites occupy the lower parts of the intrusions in 
which they occucp and may well be mote important in the lower 
parts of the earth's oust then they are at high levebp Nevertheless, 
such rocks do occasionally occur at high levels^ and this fact has led 
Vogt and others to visualise the possibility of remelting of crystal 
accumulations at low levels with the pr<^uction therefore of an 
ultramafic magma, capable of intrusion like any other.’ One other 
important consideration must be mentioned — the likelihood of 
derivation direct from an ultrabasic earth-shelL This is an attractive 
proposition which would go far towards explaining many facts 
concerning these rocks; but unfortunately it is not possible, in the 
present state of knowledge^ to prove this—it remains an interesting 
speculation. 

The ultramafites comprise several small families, w*hicb for 
the sake of clarity are describe separately, but in fact they grade 
into one another. 

THE PYROXENITES 

For once in a while the name of this group does mean "what it 
says." Pyroxenites are coaTsc-gTained, usually deep-seated rocks m 
which the sole essential components are pyroxenes; there is neither 
feldspar nor olivine in them. They may be monomineralic, or more 
than one kind of pyroxene may occur. According to the kind of 
pyroxene it is possible to distinguish eastatitlte, hypers thenlte and 
brunzititet all with orthopyroxene; and dialiagite with dino- 
’ NiggU, P,, undl MimfrsJpriSfrinMit, Band 1 p, 19. 
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pyroxene, UnfortimateJy "augitite" faas been applied to a ba$jc 
lava rida in auglte; thus, although it is a misncmer as at present used, 
it is not available for the appropriate rock in this class. It goes with¬ 
out saying that pyroxenites are hardly ever monominer^c in the 
strictest sense. Of the accessories^ chromite or magnetite are 
probably invariably present, in some rocks in considerable amount. 
Thus chrofriite-bronzitlte occurs in the Bush veld Complex, South 
Africa^ and grades into broniite-chromitite in which the spineUid 
IS far more abundant than the orthopyroxene, which coenrs in large 
ciystals poikilitically endosbig crowds of octahedra of chromite. 
Again, a p^oxene belonging to one group is oftep associated with 
one belonging to the other, either as discrete crystals or as bmetbr 
intergrowths. Au^to-hypersthenlte is such a rock in which the 
first-named mineral is accessory to the secontL WTien dealing with 
rocks of such simple mineral composition it is preferable to use a 
compound name rather than one of the familiar place-name type. 
As an illustraticm we may note websterice, named by G. H. 
Williams from Webster, North Carolina. It contains diallage and 
hj'persthene in unspecihed proportions, and is more aptly referred 
to as a diallage-h^'persthene-pyroxenite, while particular specimens 
of the rock would be more accurately named, on the lines suggested 
above, after measuring the proportions of the two minerals. 

An important member of the group which has received consider¬ 
able notice recently in connection with petrogenetic speculations is 
blodce-pyroxealte^ which A. Holmes thinks may be parental to 
such leucitic basic lavas as the leucitites, A rock from the Newiy 
Complex* Ireland, contains biotite 45-3, augite, 27^4, hornblende 
19^ 4 p actinolite i*S, iron-ores 3*^1 and apatite 2-9 per cent.* 
Similar rocks, but with varying proportions of the component 
minerals, occur also at Monte Somma, Uganda, Upper Burma* and 
elsewhere. The Newry rock might more aptly be termed pyroxene- 
bbtitlte in view of the dominance of the mica, Biotltlte doesip fact 
occur among the blocks in the volcanic vents in South Africa, 
which are such prolihe sources of the ultramahc rock-types. 

THE HOHNBLENBITES 

Once again it must regretfully be recorded that the obvious name 
for this group of uitramafites is preoccupied. Amphibolites are 
metamorphic rocks, but {one is tempted to say "of course'*) they do 
not consist solely of ainphibolcSj as the word implies, but are more 
or less of diorilic composition. Homblendite is definitely rarer than 
pyroxenite, perhaps as a consequence of the lower position of 

* D. L., "The Eastern End oJ! the Kewrv Comoleat." Ouar, [oum^ 

Sac.^ xe (i9j4l p 583, 
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hombloide in the reaction series^ which implies later separation 
and therefore less likelihood of gravitational s^ing. Such examples 
as are known may well have origmated by late-stage alteraticm of 
pyroxenites. In this connection the chemical relationship between 
amphiboles and pyroxenes as interpreted by Kennedy is signiheant^ 
and there can be little doubt that homblendite is the hetcromorphic 
equivalent of two-pyroxene pyroxenite (p. 183), 

Among the several kinds of ultramafites occurring at Garabal Hill* 
the main type is an augite-peridotite; but this grad^ into a pyroxen- 
ite consisting of augite, orthop3rToxene and some brown hornblende. 
The latter rock in turn grades into a homblendite (termed davalnite 
by Wyllie and Scott) which is described as "a pure brown hornblende 
rock," It Is of particularly coarse grainj with individual hornblende 
up to two inches in length. The field and microscopic evidence shows 
that davainite has resulted from the alteration of the pyroxenltCp 
probably through the agency of a later intrusion of gabbro. 

Homblendite is developed as a phase marginal to syenite at 
Kiloran on the island of Colonsay* in the Hebrides. It is essentially 
a coarse-grained aggregate of black hornblende crystals, and contains 
numbers of quartzite xenollths surrounded regularly by reaction rims 
consisting of the minerals appropriate to quartt-syenite* Gradation 
into hornblende melasyenite is mdics^ted by the incoming of a little 
microperthitic orthoclase in some phases of the homblendite. 

THE ECLOOITES 

The edogites are of special mterest and present problems of 
interpretation. The name is an old one, introduced in 1822 by Mady 
for rocks occurring in the Fichtelgebirgep and which still remain the 
most tjp'ical of the edogiteSn Eclogite is of notably high specific 
gravity; and consists of bright red garnets set m a bright green 
crystalline matrix. Two components are regarded as essential in 
edogites—red garnet of the pyrope-almandine type, and the bright 
green pyroxene^ omphacite. Accessories sometimes present include 
brilliant emerald green chrome^iopside and, strangely enough^ 
quartz and kyanite. It has been shown by analysis that edogite has 
much the same chemical composition as olivine-gabbro^ but contains 
none of the normal gabbroic minerals^ plagiodase has been com¬ 
pletely eliminated and the other components have been broken 
down and redistributed. Labradorite has been split* as it were, into 
albite and anorthite ^^mlnals^^; the former has ^en desOicated into 

■ N-ockialds,, S, R., ''The Garabal HiU-Glen Fyne Igneoui Complex/' Qwr. 
jGwrn. Cici, 5 of., xevi (1^40), p, 451- 

* Wright, W. B. and Bailey, E. B., ''Geofogy of Cofonsay and Oronaiy," 
Minn, 5wxi. Scof/dfuf, 191], pp. 2^— 
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jadeite, which is mcorporated in the pyroxene, ompharite. The 
silica released may appear as Iree quartz in spite at the basicity 
of the rock. The anorthite molecule goes into the garnet which, 
though fundamentally a type rich in magnerium derived from 
olivine and original pyroxene, does contain a certain proportion of 
the "lime-g^et" molecule (Ca,Al,Si,0„). The kyanita represents 
excess alumina and silica not reqtiired in the adjustments mentioned.’ 
^ Typical eciogites are well represented among the blocks in the 
“blue ground" which SUs the deeply eroded vents in the Kimberley 
region in South Africa. In Britain edogitcs occur in northern 
Scotland in the so-called Lewisiao inliers near GleDelg 4 —the first 
record in this country Q. J. Teali, 1891)—in central Sutherland and 
Central Ross-shire. TTiey there form small outcrops over a wide 
area, and are closely associated with injection gneisses which were 
origiiially basic igneous rocks impregnated by pegmatite. True 
eclogite forms only a small part of the eclogitic hands which contain 
cores of the typical red-gainet, omphacite rock. The latter grades 
into related ty^s in which feldspar, quartz and green hornblende 
become important. These changes are regarded as due to retro¬ 
gressive metamorphism, the ultimate product of which is gamet- 
amphibolite, an undoubted metamorphic rock. 

■Rie chief problem of the eciogites concerns their origin. They are 
believed to be products of "plutonometamoTphism"—to lie on the 
borderline between the igneous and metamorphic. It b uncertain, 
however, whether they represent basic (gabbroic) igneous rocks 
which have been metamorphosed under extremely deep-seated 
conditions, or whether they represent basic which crystallized 
under such conditions.j In either case, they are of outstanding 
interest and provide such a useful study of heteromorphism that 
they cannot well be omitted from a book of this kind. 

It will be realized that the rocks described above, though ultra- 
mafic, are not ultrabasic—a point which is emphasized by the 
analysis of the Bushveld broniitite, which though typical of Its 
land, has a silica percentage as high as many "intermediate" rocks 
(analysis I. p. 330). 


THE PICRITES 

The picrites were so named by Tsehermak (1866) on account of 
their high content of magnesia (bitter-earth}. The original picrites 
o™r as intrusions in the Cretaceous and Eocene in the highlands 
Of Moravia and Silesia^ These original picrites were augite-olivine 


4is of tfie Kyuute-EdoigitM.'- Min. Jlfflj,. 

■ fnim ths N'eighbourliDcid ot CteneTe Inver- 

ness^ue." Owie. Jonm. CtOi. Soc.. Kcii f lorf,) I *95 mier 

1 thedtKttMifln on Dr. Aldennae'* paper, referrerf to above 
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focks. Since they were described the definition has been widened to 
allow o£ the occuTTence of other coloured silicates in the place of 
augite, Md according to the current English usage, the essential 
feature is the presence of small amounts of plagioclase. The ferro- 
magnesian minerals which accompany the olivine are orthopjifoxene 
(en3tatite-bronrite)i augite and hornblende in different cases. 

These essential components do not present any special features; 
but the texture is normally poikUitiCp i.e., several olivines may be 
enclosed in a single crystal of augite, etc. 

Auglte-pielites occur among the Carboniferous intrusives in the 
Midland Valley of Scotland. Perhaps the picritc which forms part of 
the small island of Inchoolm in the Firth of Forth is the best known. 
They are associated with teschenites and evidently formed by 
differentiation from a tcschenitic magma, or at least from the magma 
which gave the teschenites. The same assoriation {of picrite with 
teschenite), occurs also in the tjpe-area for the latter, Teschen in 
Moravia. These field relations prove these particular picriles to 
belong to the lineage of rock-t>pes which includes the alkali-rich 
analdite^yenite, teschenite and lugarite. Augite-picrite occurs also 
in Argj'lEshire, in composite intrusions, as the lower member asso¬ 
ciated with kentaUenitc, notably at Glen Orchy^ and Balnahard, 
Colonsay. Actually the downward succession at Glen Qrchy 
is kentallenite — augite-picrite - homblende-picrite - a lamprophj'ric 
phase. Thus these Caledionian augitc-pkrites belong to an association 
which is not notably alkaline. 

Hornb!cride*plcrite also is well represented in this country: 
it occurs among the Ordovician intrusives in North Wales, the 
Shelve area of Shropshire* the Caledonian intrusives in the South- 
West Highlands* and in a different association of rock-types in 
Aberdeenshire, 

In Argj'Ushire homblendite-picrite is associated with such calc- 
alkaline rocks as diorites, gianodiorites and kentallenite. In the 
Huntley Complex* in Aberdeenshire an augite-hornblende-picrite 
occurs in association with.olivine-gabbro, hypersthene-gabbro and 
troctolite, 

THE PEHinOTITES 

With one possible exception* discussed below, peridotites do not 
^ntain any feldspar. The only component which must be present in 
ajiy rock so named is olivine* and richness in this mineral is the 
chief diagnostic feature of the group* as the name implies. The 

* Kynaifccm, H., ‘"Ceology of the Country near Obao and l^almaUy/' Mem. 

CiCi. Stiwv. ScoHand, p. 92. 

* Read, H, H.> in ^'Geology -ol Banff. lincLtly and Tuiriff.” Mem. Svrr., 

1933 K p. [Analysis VI in the Appeuded Tublu.) 
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olivint may be accompanied by any of the normal ferromagncsian 
silicatos, either singly or in variety^ and in consequeDce there are 
many different named peridotites, a selection of whi^ arc considered 
below, 

Dunite (Hookstetterp 1859), is in effect an Qli™e-rock and is 
named after the ortgkial loc^ty. Mount Dtm m New Zealand, The 
type-rock consists of intcTlocking grains of olivine together with 


VTG. 127 

OltvmLte Mo^ulioek, Bu&hveSd CdDiplEoc, SQuth Africii. 

AubcdraJ giaiiia ot licirtODolite showing deavagu and Lndudrd dendritic 
plates oJ iron-ore regulariy odentated in two directions. 


scattered crystals of chromite. The dunites of the Bush veld Complex 
have been carefully sttidied both as regards the three-diroensional 
fortn of the intrusions and petrographic detail, as some of them have 
been deeply mined in the search for minerala of the platinum group 
which are obtained from these rocks. In shape the intrusions are 
inverted cones tapering downwardSp and they show a cross-cutting 
relationship to the other members of the Complex. The "hortonolite*^ 
is distinctive among olivines as it shows good dca^'ages^ distinct 
twinningp and regularly orientated inclusions of dendritic magnetite 
(Figs, 127 and J2S)* 
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In peridotitfts of this the oHvine is normally rich in mag- 
riesiom and individua] rocki may consist of chrysolite or hortonolite. 
Thus chrysolitite and hortonolitite are specific varieties of **olJvi* 
Hites.” In chemical composition olivinites show analyses like those of 
the bidividua] minerals. With the incoming of a little alumina, this 
combines with MgO or FeO to give the almost constant aocessoryj 
spinel. With rather more silica^ orthopyroxene appears, as in one 
type from the kimberlite pipes (see below). This contains relatively 



nc. laS 

Regularly onentiited plates of deufiritic iron-orc m hortonollto Same toc 1 [ as 
that Lllustxatod in Ftg. 127. drawn under i^incli objective. 


Large, somewhat rounded grains of orthopjToxene set in a matrix 
of granular olivine showing signs of mechanical granulation^ with 
the usual spineL 

Apart from the olivinites the simplest peridotites consist of 
olivine together with mica (phlogopitic)p pyroxene or hornblende. 
They are best named in the obvious manner as mica-peridotitei etc., 
althoyigh old-type names have been applied to many of these com¬ 
binations: wehrUte and Iherzohte are examples* but they are singu¬ 
larly uninformative and are best not used. 

An example of one ol the simpler iype^ of peridotite forms part 
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of the Gaxabal Kill-Glen Fyne complex.* It is a pyroxene-peridotite 
with aiigite the most abundant mineral, enclosing olivine largely 
converted into serpentine, together with iron-ore and occasionally 
flakes of mica or hornblende. With the incoming of plagioclase in 
small amounts this augite-peridotite grades into augite-picrite. 

The simple homblende-olivinc combination appears to be rare; 
but there are several types of peridotites in which hornblende is 
associated with other mafic minerals. Such is the so-called scyeBtc, 
named from Loch Scye in Sutherland by Judd fifid3). In the hand- 
specimen this is a distinctive, heavy, dark-coloured rock with very 
large (i-inch) hornblende and mica crystals showing Itistre-motUiug. 
The reflection of light from the cleavage surfaces of these minerals 
is interrupted by black spots, seen under the microscope to be 
serpentine pseudomorphs after olivines. These are poildlftically 
enclosed in a bleached phlogopitic mica and in light-green hornblende. 
Minute overlapping hexagonal plates of doubtful cemposition 
cause a schiUer effect in the mica. These features are illustrated in 
Fig, 129. 

Cortlandtf te is the name given to a rock in the Cortlandt Complex 
on the Hudson River, New York; but as Shand has recently pointed 
out, the rocks are exceedirigly variable and it is consequently difficult 
and from one point of view rather pointless to attempt to define 
the type, when there is continuous variation in several directions.* 
As originally defined, cortlandtite was a homblende-hypersthenc- 
peridobte containing malacolite (colourless dinopytoxene) and some 
mica. Peridotites of this type form small bosses near the Ballachulish 
granite in ArgyllshireJ 

Kimberlite Is a type of mica-peridotite, of great importance on 
account of its connection with the diamond-mining industry. It 
fills the volcanic necks which occur in the Kimberley district in 
South Africa; it is highly altered and contains blocks, some of large 
size, of a wonderful variety of ultramafites. Kimberlite has figured 
rather prominently in petrogenetic speculations concerning the 
reality of an uUrabasic magma. Holmes^ has drawn attention to 
certain distinctive features in the chemical composition of these 
rocks, particularly Ln relation to the amounts of certain rarer 
elements in them^ and uses these facts to support bis arguments for 

^ NocknUls. S. K., '"Ttie Garabal Hili—Glea Fyn^ IgneoMd 

yphm, Ciol. hS«,, xevi p, 45I, 

* Shand, S. J., ''Fhase FetrolD^ of th« Cortlaadtite Complex/' Bmii. Gtci. 

Amfr.^ Uii {1941), p. 409. 

1 E, B., "Gwwgy of Bou Nevia and Gleocoa," Mwm^ Gmi. 5 k™., 

^910, p. tji. 

4 HoLeoh, a. and f[arwtri>d, F., ''Petrology cl the Yolcuiic Fields E- 
and S.E.of Ruwemori, Uguuiii/' fmem. G^, UMviki (19131J, p, 3^. 
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thft existence of an ultrabasic oartJ^ shell, from which a peridotltk 
magma may be drawn. Carbonatic kimberlite occurs as dykes lO the 
Aln^ Complex, Sweden. 

An ultrabasic complex of Tertiary age has been described by 
Harker» from the Island of Rum in the Mebride, It consists in general 
terms of alternating sheets of peridotite and allivalite [p. 2^]. 
In detail these two members $hrm'a considerable amount of variation * 


TIC. 129 

ScyeUte, Loch Scyc, SiitherEaml^ 

the field occupied, by buial nod vertical scctioiu of □early 
colourt&s^ araphibolc; the Itiwer part, by phlogopitk inici. Serpeotine 
^ enclosed paikiLiticalJy in other IniitaniH. hlaitiietite in 

uctabedTft Hexagonal pUtes. a«n End-OQ. causing schiller structure in 
the niKA. 

within the alLivalite sheets all gradations may be found between 
anorthosite and olivimter Essentially the .same kind of variation 
hM been noted in the layered complex at Belhelvie. which in the 
wide sense is troctolite, but which again varies between pure 
olivimte md pure anorthite-rock. Now a drastic change in chemical 
composition is necessary to brings plagioclase into otivinitei and in 
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so doing Ml important phase bouDdary is crossed, Therfi can be no 
latitude so far as plagiodase is concerned—there is none in olivinite. 
But in allivabte both olivine and anorthite are constituents. 

Therefore between olivinite and aHivalile lies the connecting link 
consisting of dominant olivine, with accessory anorihiU* There b no 
convenient name for this type. It is far removed from piciite. If 
"peridotite"" implied a rock-type in which olivine is dominant, 
regardless of its minor constituentSp this rock could be aptly termed 
anorthite-peridodte: indeedp at present, there is no alternative, 
though acceptance of the term d^troys the definition of peridotite 
as being feldspar-free. 


THE SERPENTINITES 

Although as a rule special names are not recognijied for altered 
rocks belonging to named types, serpentinite is an exception. These 
rocks consist essentially of the mineral serpentine, and are popularly 
themselves called "serpentines." It is awkward, however, to sise a 
word with two meaningSp and hence we adopt "serpentinite" as the 
rock namCp retaining "serpentine" for the mmeral. 

Serpentmites are compact, variously coloured rocks, often banded, 
blotched and streaked with bright green and red^ the general body 
of the rock being any colour between light greyish-green and green¬ 
ish-black. On account of their attractive colouring and because they 
can be shaped and polished easilyp they are used for omamental 
purposes- 

In some specimens reUcs of original minerals may remain and give 
an indication of the nature of the unaltered rock. From such evidence 
it has been proved that uttramafites and less commonly ordinary 
basic rocks such as gabbros can be changed into serpentinites. As 
is weE known from the familiar pseudomorphs after olivinep the 
serpentine is often formed in such a manner as to retain sufficient of 
the character of the original mineral (although no actual fragment 
of the latter may have survived replacement)p as to make its identi¬ 
fication easy. Although ultrMnafites often show the effects of 
weathering by the developtnent of superficial serpentiuei in ser- 
pentinites the alteration goes so deep, and is so generally developed, 
that it cannot be attributed to mere weathering. It recalls the whole¬ 
sale kaolinization of certain graniteSp and there is little doubt that 
serpentinization on this scale arises from a similar cause. W- N. 
Benson^ has developed the hypothesis that the process is essentially 
one of autometamOTphism—the agent of alteration being magmatic 
—not meteoric—water. In many instances veins of talc and mag- 

^ Amit. Joum. ScL, Xlvi (iqiSK p- but cf. Boweii and Tnttl*. O. F., 
“Tbe Syvtem MgO—SiO*—H,0/' BuUm Lx {i9i9h P- Hlifr 
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nesite are developed on an extensive scale. In the latter case the 
action of CO, is indicated :■— 

2Mg,SiO^ + CO, + 2H,0 = MgCOj + {OH)*Mg,Si,Oj 

In Britain serpentinites are not widely distributed. The best known 
oocurrenoes are found in the Lbard Complex in South Cornwall, 
Anglesey in North Wales, and Portsoy in Banffshire, Scotland. 


Akalvses of Peridotites 
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I. Dunite, Dud Mountains, New Zealand (Reuter). 

II. Hortonobte-dunlte, Onverwacht, Bushveld Complex. (Anal. H. G. 
Weall], A. L. Hall, "Bushveld Memoir," p. 3x3, 

III. Kunberlite (Basaltk) Dutaitspan, Kimberley. (Anal. L. S. Theo¬ 

bald), A. Holmes and H. F. Harwood, IxxxvUi {1933), 

p. 431. 

IV. Kimt^lite. average of six ordinary types. R. A. Daly, 1533, p. 55a. 

V. Scyetite, Central Sutherland. (Anal. B E. Dixem}, Mtm. Gtol. Swrtr.. 

*93*. P *68. 

(11) THE FINE-GRAINED ULTRAMAFITES 

In the early classifications an attempt was made to 
certain lavas which are outstandi|igly rich in ferromagnesian silicates 
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bv erecting a specid category of "magma-basalts/' It Is difficult to 
understand bow such a name came to be chosen, and there is no 
good reason for continuing to use it: the term here used as a beading 
is sclf-^xplajiatoTy, though it must be admitted that the category 
is not easily defined in precise terms. The original "magma-basalts" 
included limbuipte and augitite. Both have dinopyroxene as the 
chief material; but while limburgite is rich in ohvtne, the latter is 
absent from augitite. The melilite-bearing lavas {with certain coarse¬ 
grained equivalents) must also be included. 

Limburglte [Rosenbuscb, 1S72) contains numbers of euhedral 
olivine phenocr>-sts and much tifanaugite, which, together with 
magnetite and accessories* are embedded in a glassy base. Ideally 
there is no feldspar either as pbenocrj’sts or in the groimdmass. 
Thus, apart from the non-crystalline material* the Tninetal compo¬ 
sition is much like that of aii augite^jKiidotite* The non-ciystallLne 
material is significant/however. Re-examination of the type-rock has 
shown that only one phase of the mass is feldspar-free: other phases 
do contain basic plagioclase, which strongly suggests that the glass 
in the feldspar-free limburgite has the composition of, say* 
bylownite. This puts limburgite in its correct setting, as an ultra- 
mafic basalt, containing accetssory* or occult basic plagiodase. It 
will be remembered that certain basalts (oceanites), are notably rich 
in phenocrystic olivine, and cerrespoodingiy poor in felspar. 
Limburgite has moved farther along this line of variation. 

The second type, augltitei is probably as near to being a mono- 
mineralic lava as any rock, so far as the crystalline portion of the 
rode b concerned, Titanaugites, displaying at their best such char¬ 
acters as zoning, hour-glass structure, simple and lamellar twinning 
and strong dispersion, make thb a very attractive object in thin 
section. The grotindmass is non-ciystalbiie, very dense and highly 
charged with iron^re. The nature of the non-crystalUne groundmass 
remains unknown. Ignoring tlie groondmass, the mineralogicaJ 
Similarity to pyroxenite b obvious; but it wxiuld be rash to suggest 
any genetic link on that eridence. 

Among the finer-grained ulttabasic rocks molilitc is found both in 
lavas and in dykes of hmiprophyric type. The melilite-bearing lavas 
bear a superficial resemblance to some basalts, and are usually 
classified as “melllite-basalta‘^ but few, if any, have the mineral 
composition that is implied by that term. The original '"melLlite- 
basalt** was described from Hochbohl in the Swabian Alps as long 
ago as 1SS3. Its ultrabasic character b shown by its extremely low 
silica percentage (only 34 per cent), and by its mineral composition; 
nearly" half the rode consists of olivine* 37 per cent is meHlite, while 
small quantities of nephejmej apatite, perovsbite and calcite also 
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occur. This type, by analogy with the feldspatholdal lavas, must be 
termed (with some regret, as it is an obvious misnomer)^ ^^olivine* 
melilitite/" A nepheline-olivine-melilititfi* in which nephelbe 
becomes an essentkl, not merely an accessory component, has been 
described from Tasmania. 

Other olivme-meliiitites, dMering from the original one only 
in points of detail, occur at several localities in South Afneap 
notably in Kamaqualand. Not aU of these are Lavas; sotne are 
intrusive. 

Although the rock called alnbitOp from Alnfi, an idand off the 
coast of Sweden, was originally classed as meliUte-basaltp the name 
was changed by Rosenbusch to alnSite, m lAtf grounds that U is 
intrusive. Although we strongly disagree with Rosenbtisch's reason 
for changing the name, alnoite is sufficiently distinctive in itself to 
justify its name. Fundamentally the tjfpc is one-third each of 
melUite and biotite, the remainder of the rock being made up of 
pyroxene, calcite and olivine in order of importance, with various 
minor accessories. At Isle Cadieux^ betwwn Montreal and Ottawa, 
a small intrusive complex of abSitic rocks occurs. Two types in 
particular are ouLstandirigi one contains the mineral montiedhte in 
addition to ordinary olivine (chiysolite); while the other, occurring 
as mere streaks in the alnoite, consists almost vrhoUy of biotite and 
meUlite. 

A new occurrence of rncmite-bearing rocks has reoently been 
recorded by A. Holnies from the volcanic province of South-West 
Uganda. The volcanic rocks here include types of outstanding 
interest^ as they contain the potassic analogue of nepheline, kalsilite. 
Among these types collecdvdy known as the Mafurite series, is 
ugandlte, a hne-grained assemblage of oHvine, augite and Leucite 
as essential components, and perovskite and iron-ore as common 
accessories^ In other types, more completely under-saturated, kalsU- 
ite takes the place of leudte, while in the most basic, kalsilite occurs 
in associatiou mth meliUte. Holmes terms this rock kalsilite- 
katungite.^ 

Two types of meliUte-bearing rocks of coarse grain have been 
described: — 

Turjaite* so named by Ramsay m 1921, forms a small intrusion 
at Tut]^ hi the Kola Peninsula. In hand-speciinens large crystals of 
titaniferous biotite arc conspicuous, set in a matrix of melilite, 

r K, L„ "Genetic Fentam of Aio^itic Rocka at lale Cadieiix, 

Quebec. Am^r. Joum. Scj,, iU (1922). p. I. 

* HQlme». A., "KaUilite-beariiie Lavas of . . . S.W, UjCMda/' RoVr 

S«.. bti p. 359- 

Holjuea, A., Mag.^ ^vf (1943}^ p- 197, 
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which inakM up nearly half the rock. ^JephelUie* too* is an essential 
component, while apatite (very abundant in $ome fades of the rock^ 
magnetite, and as might be expected* perovsldle* are important 
accessories. Although olivine and meknite garnet are usually rarep 
they also become important in some specimens. The frequent 
occurrence of calcite^ as in certain nephehne-syenit-eSp and the 
association of melilite-bearing rocks with carbonatites are sig- 
nibcant facts bearing on the genesis of this rock. 

Of still more extraordinary composition is the rock, also judged 
from its grain-size to be deep-seated, termed Qkatte by Stansfieid.* 
In its mineral composition okaite is very dose to tuqaite* but 
melilite is slightly more abundant, biotite less so, while the place of 
nepheline b taken by hauyne. The type-rock was discovered in the 
Oka Hills, near Quebec* and although a great rarity* it is noteworthy 
as having a particularly low silica percentage* only 29, while it 
contains 25 per cent of lune (CaO). 

As regards origin, the following facts seem significant:— 

(1) The dose association of m^y* but not all* mdilite-bearing 
rocks with limestones, induding '"carbonatites'" ^ and the occurrence 
of grains of so-called "primary calcite"* in many of them. 

(2) The sUica-percentage is the lowest, and the Iime-content the 
highest in igneous rocks. 

(3) At high temperatures nepheline and augite combine to form 
obvine and melilite (with monticellite as an intermediate product 
of the reaction). 

{4) When calcium carbonate is added to fused dolerite 
bas^tic magma), melilite crystallizes from the melt. 

(5) Mdilite occurs in the reaction zone between dolerite and 
chalk, at Scawt Hdl, Co, Antrim (p. loi). 

These facts strongly suggest that desilication of basaltic magma 
by the assimilation of calcium carbonate is one way in which melilite- 
bearing rocks may originate* and probably the only way. 

Finally* if "ultramafic" h interpreted in the relative sense* as 
implying richness in mafic minerals relative to the parent magma, 
or associated rock-types, then lamprophyres must also be grou^ 
under this heading. Many lamprophyres are assodated with granite* 
and relative to granite are ultramafic differentiates, though they are 
far removed from being ultrabasic, like liznburgite, augitite and 
olivine-melilitite* For this reason they are treated separately^ 


1 CmI. p. 4^o. 
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Anaivses of Ouvine-Melilitite, Limburgite and 
Avgitite 
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r. OUvine-melUiti^, Avemfeof five aimlyses, A. Daly, 1933, p. 23. 
II. Limburgite, Liinburgk^ Kaiacratuhl, Baden (ijuoted ficm Rosen- 
buscb's EkmfnU der 

III. limburgite, Whitelaw HOI, Garlton Hills, HaddinglOdshire fj. H, 

Playw). 

I V, A ugitite, Madeira], Slo Vicente, Capo Verde Islands (Dofater), 

THE LAMPROPHYRES 

In any scheme of cbssification it is difficult to fit in the curious 
rocks grouped under this heading, for some are associated in the 
field* and are therefore genetically linked, with each of the major 
rock-groups dealt with in the previous pages. Specific types might 
therefore have been dealt with tinder the headings granitic, syenitic^ 
dioritic or gabbroic rocks; but something is to be gained by con¬ 
sidering them t<^cther as one group. As rock specimens* most are 
unconvincing: they may closely resemble norma) igneous rocks in 
the medium and fine grain-size groups, and from the examination of 
hand-specimens alone would almost inevitably be misidentified. 
Identification is possible only after examination of the field relations 
ajid microscopic characters. 

The lamprophyres were 50 named by von Gflmbel {1S87) when 
describing the mica-traps" of the Fichtelgebirge* and had reference 
to the lustrous character of some types due to the presence of 
abundant phenocry^ts of biotite. The term lamprophyre is now 
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applied to a group of melanocratic dyke rocks irrespective of the 
nature of the ferromagnesian minerals of which they largely consist. 

Speaking generally the lamproph>TTe5 are str<Higly porphyritic 
with abundant phenocrysts of any of the following: dark mica, 
augitep hornblende and olivine. These are set in a groundmass of 
alkali-feldspar normally, though in one group it is plagioclase near 
andesine in composition, while another group cx>inpiises the feldspar- 
free lamprophyres. 

Undoubtedly the most striking phenocrysts occur in the mca- 
bearing lamprophyres: the abundance and large $i^ of the biotite 
cr^^stals causes a very distinctive appearance in the hand-5pecimen, 
while under the microscope the perfect Ldiomorphisni of the mica is 
unique. In common with aU the other mafic constituents, the biotitL 
may be corroded to almost any degree' while internal bleaching with 
the development of a complementary dark margin is a constant 
feature. Less cominonly they may display a striking colour zoning 
(Fig. 130)* 

The amphibole in lamprophyres is of two very different types: it 
i$ a green common hornblende in lamprophyres of dioritic affinities p 
but is a sodic variety* often barkevUcite, in those associated with 
scdic syenites such as foyaite. 

Similarly a ligtit-grecnish diopsidic augite is common ly seen in 
association with biotite in lamprophyres associated with gramtes 
and diorites; but titanaugitc is often abundant in lamprophjre- 
dykes of foyaitic affinities. In the rock illustrated in Fig. 150 the 
pyroxene is zoned, a greenish core being surrounded by a colourless 
outer zone, while the margins are slightly granulated and in places 
surrounded by a reaction rim of granular bright green hornblende. 

Lamprophyres of ail types are liable to contain pseudomorphs 
after olivine, as isolated euhedral crystalsp or as synneusis aggre¬ 
gates. A particulaTly striking feature of many lampiopbyres is the 
close association of perfectly unaltered biotite with completely 
pseudomorphed oli^Tnes. Although serpentine may occur in these 
pseudomorphs p very frequently the latter consist chiefly of ^rbonate. 
Although sometimes identified as c^dcilej. it is reasonable to expect 
this carbonate to be magnesite^ ankerite or at least dolomite. The 
carbonate is by no means restricted to the divine pseudomorphs, 
however; it is often so abundant in the body of the rock as to cause 
effervescence with dilute add. Tn even the freshest lamprophyres 
the olivine is consistently pseudomorpbed ^ but actually these rocks 
arCp in many instanceSp highly altered. In extreme cases they 
consist almost entirely of secondary minerals such as chlorite, car- 
bonateSp quartz, chalcedony and limonite. It is difficult to decide to 
what extent this is due to weatheripg: but there is little doubt that 
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South Hill, St. Hfrlier, Jersey, 

Fhenocrysts af dio[k$idlc pyroxene aubonlumte to biotite, sonae crystAls o( 
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are embedded. ^ 
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ll 15 laigdy a late-stage, autometamorphic eficct, due to a residual 
concentratbn erf magmatic water, carbon-diosdde, etc. 

The mafic miaerab described above are liable to occur as a second 
generation in the gronndraass* associated m the commoner ty^ 
with abundaut alkali-fetdsparp andi in the fddspaj^free group^ with 
analcitc* Occasionally the feldspar is quite fresh, water-dear in thin 
section, and poikilitic towards the other components. Mote com¬ 
monly it is microlitic and may be much altered. Rarely the ground- 
mass consists of light-brown glass which devitrification converts into 
fibrous subsphenilitic aggregates of orthoclase niicrolites. Minute 
octahedrons of magnetite may be plentifully scattered throughout, 
while a high content of apatite, varying from stout prisms to delicate 
needles, is characteristic- 

ClassiJU&iiQ>t and Nomcndait^£. 

Since io so many lamprophyres it is difficult or impossible to 
identify the feldspar accurately, while on the other hand the most 
striking and most easily identi^ components are the mafic minerals, 
the most useful general dassificatiou is based on the latter, thus:-^ 
mica-lamprophyre, homblende-lartiprophyre, augite^lamprophyre. 

But when the rock b sufficiently well-preserved to allow id^tifica- 
tion of the groundmass minerals, each of these main categories may 
be subdivided in the manner suggested by Rosenbusch. as shown 
in the table on page 352^ 

The advantage of Rosenbusch's classification lies in the fact that 
the relationship between a lamprophyre and the parent^ magma 
from which it w’as derived b indicated. Thus the t^'pes with domi¬ 
nant orthoclase—minette and vogesite (Fig. i3il^are associated 
with granites; the plagioclase-bearing types, kersantite and spes- 
sartite, are allied to diorites, and are often associated in the field 
with dliorite-porphyries and microdiorites* Finally, camptonite and 
mouchiqiiite are associated with highly alkaline deep-seated rocks 
such as foyaite and other sodic syenites. 

Charad^istics and 

The chemical diaracteristics of lamprophyres are shown in the 
table on page 353- It will be noted that, although they contain less 
alkali than the apUtes, in proportion to their silica percentage they 
are rich in alkalies, while the CaO b very high. In the mi^-lamp- 
ropbyres a proportion of the KjO goes to form biotite, and in conse¬ 
quence of the high content of this very basic silicate, such rocks 
with a sihea percentage of under 5^ contain a good deal of free 
quartz. , 
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The presence of much € 0 * and water is characteristic, and in this 
and other respects lamprophyres stand in contrast to aplit^, with 
which they may be dosely associated in the fieldp and to which they 
are said to be complementary. 

The strongly corroded and highly altered state of the pheno- 
cr>rsts in many lamprophyres proves the former to have been "out 
of sympathy with their environment,'" and this fact is interpreted 
as implying different origins for phenocrysts and grotindmass. 


Table eiiowikg EssENriAL Mineral Composition or 
SOME Types of Lamfeopiiypes 



With 

Orikockts^ 

With 

Piogixtasa 

No 

FeMspitr 

Biotite 

UtNETTE 
(if with augite, 

augite-minette) 

KEESANTITK 

(if with augite^ 
augite-kersan- 
tite) 

ALNOITE 
[with meLilite) 

Conunan 

Hornblende 

VOCESITP 

SPEaSAPTlTE 

maxchite 
{= aph3/tic 
Spessartite) 


Barkevikite 

and/or 

Acgite 

1 


CAMPTO^^rXE 

(barkevikite < 
in type-rock 
from Campton 
Fails^ New 
Hampshire) 

MOMCKIOUITE 
(with analdte) 


Bowen regards the phenocrysts as cr^^stal accumulations, and 
stresses the alkali-rich nature of the matrix in which they are em¬ 
bedded, Tidmarsh in describing some of the Exeter lavas, which 
show many of the characters of lamprophyres^ invoked mixing and 
interaction betw™ two residua: the onep a "depth residuum/' 
which would be highly charged with crystals of mafic minerals; the 
other, an alkaline residuum, such as might, in the pure statCp have 
crystallized as apHte. 

Thus lamprophyres are abnonnal rocks: they represent a small 
highly-specialiaed magma-fraction, and must be carefuUy distin¬ 
guished from dyke-rocks whu^ have originated in other, more 




















Average Anaivses of some types of Lauprophvre. 
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normal ways. There is a modem tendency, much to be deplored, to 
the term "lswnpmph>Tic" as an adjective to describe any rela¬ 
tively fnelanocratic fades o| syenitic or dioritic dyke-rocks. Thtis 



FEO, 1^1 

Ardi P^Lamsula, Ireland, 

Commen tkcmbkndc, atippicd; mAfnetite in small octahedrm; EinaJl ue^ t>f 
quATt*, th« largest with a rim oE Email bjamblcndea. OrtiuKiAse diiEfly 
idi amail lith-shaped crystaie, RiuombiobcdtAl caiboDAter 


hornblende in association with an '‘intermediate” plagiodase co^ti- 
tutes the normal assemblage to be expected in dyke-rocks derived 
from a diodtic source. Just as the parental rock-types vary widely 
in the proportion of light to daxk constituents, so their dyke-eciuiva- 
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THE OLTIL^MAFITES 

Icnts must be expected to show similar variation. Some will be 
melanocratic. but lack the other attributes of true IsmiprophyreSp 
the corroded phenocrysts and evidence of interaction between 
accumulated crystals and an alkali residutim. They ate in fact 
merely mebnocratic nucrodiorites. 

The lamprophyres which agree most dc^iy with the postulated 
conditions of formation are the mica-lamproph^Tcs. Their comple¬ 
mentary relationship to aplilesp and the ultimate derivation of both 
from granitic magma, are proved by their field relations. * The lack 
of harmony betwetsn the mafic phenocrysts and the material of the 
groundmass is proved by evidence of the thin sections. 

In the (so-called) feldspar-free lamproph>ires the monchlquites 
are outstandkig. The name has reference to the Caldns de Mondiique 
in Portugalp whence the original monchiquites were described by 
Rosenbusch (1890). These rocks are compact and black in hand- 
spedmenSp and superficially rsemble basalts, but often contain very 
large phenocrysts (or xetiocrysts) of bronay biotite. Ideally they 
contain no feldspar, but ntheiwise resemble other types of lampro- 
phyrCp though probably they are even richer in dark minerals. The 
latter may be olivine* augile^ often titaniferoiiSp amphibole or bio¬ 
tite. These minerals are embedded in an isotropic base* which in 
some cases has been identified as analcite, though in others it appears 
to be gla^ and may have the composition of mclilite. In the onginal 
monchiquite the base has lately been shown to have the composition 
of a mixture of basic plagiodase and nephdine. Obviously the mere 
pre^nce of an isotropic base cannot be considered the diagnostic 
feature of a rock-type, and re-examination of this group seems 
necessary. If the suppressed phase had been allowed to crystalliae* 
the true affinities of the rock would have been dear, Ifp for example, 
it was plagiodase* then the appropriate name to apply wodd be 
camptonite: the tenn monchiquite should be restricted to basic 
lamprophyres with an analdtic base. These rocks frequently oontaio 
analdte in a more obvious form—as small circular ar^is resembling 
vesides, but termed ocelli. 

Monchiquites are not common rocks in Britaiii. Interesting 
examples have been described from the Orkney Islands,* and in^ 
elude a biotite^roonchiquite containing many phenocrysts of olivine 
associated with large biotites, Augite occurs as smaller crystals 
making up a large part of the gronndmasSp while the base has been 
decomposed to a mixture of calcite and fibrous zeolites: its Ofigtnal 
nature remain'; unknown. A monchiquite dyke ts iutnisLve into the 

* CI. Smitb. H. G., "'New LamprQpbyrM lod Moaebiquites tnym Jerseyp** 
Piiflr. jernm. K£U 3T9 of p^e). 

« Flett. J. S , Trims Ray. Soc. Edin . (1900), p 8^17. 
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Old Red ^ndstone of Monmouthshire.^ As is so often the case, this 
lamprophyre contains many corroded xenocrysts, including augite 
crystals up to 6 inches in length, plates of hlotite 2 inches across.and 
grains of quartz. The groundmass is analcitic, so the rock is a true 
moachiquite. 

The ^5ites are sometimes regarded as a type of feldspar-free, 
biotite-rich lamprophyre, allied to monchiquite. The type has al¬ 
ready been referred to, as it contains meiilite and perovskite. 

Examples of the feldspar-bearing lamprophyres are widespread in 
Britain, and a comprehensive list would occupy much space. A few 
typical occuTTences are noted, to serve as illustrations only. The 
North Country lamprophyres occur as narrow dykes over an area 
extending from Teesdale to Furness, and from Bassenthwaite to 
Ingleton—a circular area with a diameter of 50 miles, centred about 
Shap Fell. On acoount of their radial disposition about the Shap 
granite, these lamprophyres are considered to be genetically related 
to it. The types represented are minettes and kersantites, though the 
distinction is not easily made on account of alteration of the ground- 
mass. Mkadamprophyres are well represented among the latest 
minor intrusions in the bland of Jersey,* and arc noteworthy on 
account of the ideaUy fresh condition of some of them. The example 
illustrated in Fig. 130 b one of the most attractive. Most of the 
Jersey lamprophsrres are narrow vertical dykes of minette^ hut one 
or tw^o have been identified as camptonite and monchiquites, though 
in the latter case, the diagnostic analcite does not seem to have been 
observed. 

As might be expected the dyke phases connected with the Cale¬ 
donian complexes of southern Scotland include homblendlc types^ 
\"Ogcsites and spessartites. A typical example of the former b illus¬ 
trated in Fig. 131, from the Ards dyke-swarm, in North-East Ireland. 
Thb rock shows a tendency for hoth chief minerals to be euhedral 
—the "pan-idiomotphic texture, The corroded quarU xenocryst 
surrounded by small prbms of hornblende (bottom right-hand 
cornet) b characteristic, 

• Boulton, W. S,, "On a MboduquiU lotnuioti La the Old Red Saadsloue 

q[ Mf WHti on lh^hir ri '" JouwK, Ctoi. Sx., btvii (1$]]} , p, 4SQ, 

* Smitti, H. C.* '"New LampropliyTea sjid MoocJiiquttes from Jewjr,” 
Qwtr. jevnt . Gtci. Sx.^ xcii [1936)1, p. JO3. 
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THE PYROCLASTIC ROCKS 

The word fyrcdasHc is applied to fragmentaiy rocks of volcanic 
origin. The fragmentary material owes its Origin to volcanic explo¬ 
sions, and the qectamenta are of the most varied character: thus 
they nxay consist of bombs of lava, the shape of which indicates that 
they were thrown out in the plastic condition; of cinders tom from 
lava already consolidated in the vent; or of lava^coated fragments 
of the sedimentary or other strata broken through during the 
eruption. In regard to size, the material may be composed of the 
finest dust {asA), of medium-sized fragments {tapiUi), of ftotwts, of 
quite large biock^^ or of these mixed in any proportion. Pyroclastic 
accumulations In which there are large blocks are known as agglo^ 
merates, and are usually found either actually in the vent itseJI or 
not far removed from it. Rocks composed of smaller fragments arc 
termed volcanic breccia9> while the finest material fonns tuffs and 
ash beds; a dbtinction between the two latter terms being $ome- 
times made to emphasize the consolidated or cemented character 
of the tuffs as compared with the more loosely compacted ashes. 

A considerable proportion of the fine dust or a^ blown out from 
the vent consists of giass^ which at the moment of explosion was in 
the liquid form (iava'S^ay), It appears as elongated and tubular 
bodies, produced by the <hawing out of steam cavities, o-r as frag^ 
ments possessing curved or concave surfaces* due to the fracture of 
vesicular materiaL The remainder consists of crystals (chiefiy of 
feldspar and various p^TOxencs, and to a lesser extent of biotite, 
hornblende, magnetite and apatite), which were already formed and 
floating in the magma before its fin^ eruption. Many of these crystals 
present a perfect form ;^but some are, of course* broken^ and there is 
usually more or less ajdherent glass. Wren, however, the glass is very 
fluid at the moment of eruption, it is wiped of! the surface of the 
crystals by friction during their rapid passage through the atmo- 
sphere.» 

The composition of an ash varies with its distance from the focus 
of eniptim: the coarsest and heaviest portion is deposited first, 

* The Asch^mtrukiur dr of the Cennes9, end the t^ElrofJkthe 

^iutu of Pu^OOD. 

^ Rett, S., *'Note on an that fell on Barbados after the EruptiocL of 
St. ViuceDt/' C«|(. 5 <V., [viif p, 369. 
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wh3c the finest and lightest materia] may be carried by air currents 
to enormous distances.* Complex rocks are produced by the shower¬ 
ing down of such volcanic dust into the sea, where it becomes mixed 
with epLclastic material and thus forms ashy limestones or ashy 
shales^ as the case may be. In the case of pumice, the material at 
first floats, and may be transported by currents for long distances 
(as in the great eruption of Kiakatoa) before it becomes water¬ 
logged and sinks to the bottom. Disintegrated pumice is an impor¬ 
tant constituent of some abyssal deposits* 

Although the material composing the tufis may be entirely of 
volcanic origin, in some cases it is evident ftoin the rolled condition 
of the fragments that they have been transported since their first 
deposition ^cd^po^Ud ash). WTien, as is frequently the case, a 
volcanic eruption is accompanied by a heavy fall of rain, the ash 
may fall in the form of mud, or that already deposited may be 
swept away as mud-flows to lower-lying land, or even into the sea. 
There is no doubt that many tufls have originated in this manner; 
and well-known examples are the truss of the Brohl vaUcy, in the 
Eifel district, and the p^pmm tufac^o of the Ctminian Mountains, 
near Rome. 

Volcanic ashes undergo csonsiderable changes after their first 
deposition: thus they become cemented by mineral matter (quarb&p 
opal, chalcedony, caldte, iron-oxides, etc.) deposited from the 
ground-water circulating through them, and in this way hard, com¬ 
pact, silicermSp calcareous or fenuginous rocks axe produced. The 
hard flinty rocks produced by the silicification of tufis are sometimes 
described as hdUefiinia or poredtunUef according as their fracture is 
oonchoidal or splintery. Owing to their porous nature, ash beds are 
particularly liable to decomposition by weathering. Sericite, quarts 
and caldte are developed from the feldspars, and chlorite from 
the pyroxenes; while the glass becomes devitrified, the most basic 
type giving rise by hydration to the green substance known as 
palagoniU, as in the p^agonite^tufls of Sidly, Iceland, the Canary 
Islands and Patagonia.^ 

The dassification of the pyroclastic rocks presents great diffi¬ 
culties, and at least three different criteria may be considered^ vi^-^ 
the size of the constituents, their lithological character and their 
chemical composition .3 In addition to the division according to the 

* Judd, ''On the Volcmnic PheDometu of tJie Emptien of Kmkatoa"; and 
''On the Nittue and Distributina d£ the Ejected MaJtotiils" R*pofi nf iks 
Rcyal Socuty IjOrndQU, ]$S^. 

» Peatlcp "Ueber Piia^nit uad Ba^t-tufl/* 

mi { 1 ^ 79 )^ pp. S04>-77. See ai£0 Murray and Eenurd. 
CAaiUa^tr Rep^rU, Sia D^miSs, y&L xviii, pp. 304-11. 

I WUluzm, Hr, "Nqtw qh the Quracten and dwiheation of Pyroclastk 
Rocks^” pTx, Lwerp^f xiv^ (1926), p. 223. 
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size of the componeot fragments already referred tOp it is also usual 
to style the add, intermediate, and basic types rhyoiiU-£uj^^ andesiie- 
fH^and basaU-tuff, Owing, how'ever* to secondary sUicifieatiou, ashes 
originally, for instancOp of andesitic composition may be found to 
show a percentage of silica, which, on this basis alone, would cause 
them to be referred to the rhyolites; but the character of the feld¬ 
spars and the nature of the lapilii usually furnish sufficient data for 
the reference of the tuffs to their proper position. In a useful study 
for students Pirsson* has divided the pjrroclasts into: 

[a) Vitric tuffep 
(ft) Lithk tuffs, and 
(c) Crystal tuffs. 

In the first case the components are essentially glass fragments, 
and are distinguished under the microscope by the vitroclasdc 
texture, Tu the second case the tuff consists of stony fragments, 
which aro more completely crystalline. In the last category, the 
rocks consist essentially of crj’stab or broken fragments of crystals. 

The pyroclastic rocks play an important rdle in the history of 
volcanic action in Great Britain and are referred to in the last part 
of this book. 

Fine examples of agglomerates are found hUing the volcanic 
necks exposed on the coast of Fife; the best known are the Rock and 
Spindle near St, Andrews, X^argo Law, and those On the strip of 
coast to the immediate east and west of Elie.^ These agglomerates 
are composed of fragments of various basic Lavas and of the sedi¬ 
mentary rocks broken through by the vents. The larger fragments 
are embedded in a groundmass of fine material composed largely of 
comminuted lava and pumice^ together with broken crystals of 
feldspar, augite, hornblende, biotite and gamet, Some of these 
agglomerates have yielded fossil remains of contemporaneous plants 
in a state of perfect preservation. This material has proved invalu¬ 
able in the study of the minute structures of the Carboniferous flora. 

F, N, Green has shown from a study of the Lake District 
volcanic rocks that lavas may closely resemble true agglomerates as 
a consequence of autobreociation, whereby portions of the first 
consolidated crust of a lava flow arc incorporated in the still fluid 
portion. Weathering emphasizes the fragmental nature of such lava 
flows, and it is sometimes impossible to differeritiate between them 
and true pyrociasts in the field, though theoretically the distinction 

^ Am^. /dwjTt, Sti,. P- 19J- 

^ GciJdc, "'TUe Carhoniferipiia volicaaic Hocks ia tha of the Firth of 

Forth/" Trans. Ray Soc. £dm., 3311 (iSao). p. jij; and ‘^Geology of Ewt 
Fih/* QtaL Siffv. 1901, p. 171. ^ 
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depends upon the nature of the matrix in which the blocks are 
embedded^ it is osA m the true agglomerate, but kiva in an auto- 
breociated flow. 

Again^ the resemblance between some crystal-tuffs and normal 
igneous rocks of the appropriate composition may be deceptively 
close, especially if they are altered, even in thin sections. The 
Ordovician vol^ics of the Dolgelley district. North Wales, provide 
teasing examples. They are particularly massive rocks of igneous 
aspect, consisting essentially of plagioclase crystals embedded in a 
chloritic matrix. Their real nature is betrayed by the sediTn^niary 
characters they occaionally display, notably current bedding and 
wisps and lenticles of dark sh^e—the type of normal sediment 
appropriate to the environment in which deposition took place. 


PART IV 


PETROGENETIC CONSIDERATIONS 









CHAPtER I 


THE CAUSES CONTRlBUTmG TO VARIATION IN ROCK- 

TYPE 

Speculations on the larger pmhlenis of pctrpgenesis involviiig, for 
example, the nature of primary magma-types^ can only be based 
upon a great aoctunulation of quantitative data. Of primary impor¬ 
tance in all such speculations are the facts concemmg the relative 
abundance and spacial distribution of different rock-types- For this 
purpose accurate chemical analyses are essential^ and a uniforTti and 
precise nomenclature is a sin€ non. Information is needed also 
concerning the more intimate field relations between the d^erent 
rocks^ and the relationships if any^ which exists between an igneous 
suite and the local crustal conditions obtaining during the eruptive 
period. 

More than six hundred different igneous rocks have been named, 
and the question aris^ as to how many of these consolidated from 
magmas of their own composition. It b impossible to give an un- 
equivocal answer to this question; but there is general agreement 
that the number must be smalL Field evidence makes it abundantly 
clear that many rocks have arisen by local differentiation from, or 
contamination of, some larger body of magma, the original com¬ 
position of which may be unknown, but is still a legitimate matter 
for speculation. In problems of thb kind there are almost insuperable 
difficulties^ and in arriving at a oondusicn important assumptions 
must be made, for which there b, in fact, httle justiffcation. The 
origin of a local magma is a three^limensional problem^ but the chief 
available data are two-dimensional only-—the areas of outcrop of 
the several rocks involved. In the present state of knowfedge there 
are too many "unfcoowns'* lor any final conclusions to be reached^ 
Obviously, the best evidence for the existence of a magma-type is 
that it should have a widffipread distribution, being well represented 
by numerous lava flows or minor intmsives^ oonceming the true 
magmatic origin of which there is no reasonable doubt. The eviden^ 
afforded by pin tonic rocks is much less trustworthy* for by their 
very nature they arc far more likely to become contaminated by 
assimilation of foreign materiah 

It is obviously of prime importance, therefore, that among the 
visible extrusive rocks basalts have at least five times the volume of 
all the other exposed extrusives combined. Basalt and andesite 
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together may be fifty times as volummous as all the other extrusives 
together." Bearing in mind the enormously extensive lava flov^s of 
plateau basalt type,* and the vast areas occupied by doleritic or 
quartfrdokritic dykes and stUs, like those of the Karroo in South 
Africa, it is not surprising that a magma of basaltic composition is 
universally accepted as of prime importance, N. L. Boweni has 
urged very strongly the probability that such a basaltic magma has 
given rise to a very sride rai^e—perhaps all—of the existing igneous 
rocks, either by difierentiation or by assunilation. R. A, Daly,* too, 
regards basalt, actually "plateau basalt," as representing primary 
magma. There is, however, another later theory favoured especially 
by W. Q, Kennedy,! aooordbig to which there are two primary 
basaltic shells, either or both of which may become temporarily 
molten under suitable crustal conditionB. The upper basaltic layer is 
believed to have a distribution oonesponding with that of the 
continental masses, and for this reason we suggest distinguishing it 
as the subsialic basoU^ma^na.*' Beneath lies a universal basaltic 
shell, of somewhat different composition, which underlies the oceans 
as well as the continents. This we would distinguish as "simaiic 
b(isali-ma§tna" E. M, Anderson has adduced geophysical evidence 
which is favourable to this two-hasalt hypothesis.^ 

It is significant that this hypothesis, attractive on account of its 
simplicity, was formulated partly to account for the existence in the 
Mull Tertiary volcano, of at least two magma-types. As we are 
dealing with otus volcano, this fact may be interpreted as implying 
derivation from different depths in a stratified basaltic substratum i 
or alternatively, that an originally homogeneous magma-type had 
changed its composition with the passage of time, for one of two 
n^ns: cither by incorporation of sialic material, or by the separa¬ 
tion of certain crystalline phases from the solidifying magma. 

It is doubtful if absolute proof that one or other of these hypotheses 
is the cOTTiect one will ever be forthcoming; but the facts of the field 
associations of various rocks, the details of their microstructuTes and 
experimental studies involving alicate melts all provide valuable 
evidence bearing on this major problem, 

03 C in view oi tht 
ifiT^bleon p.3n4. 

and the OdffUi pi 

ic" for subsipJic, 
h of th»e terms 
Dn lofl^tEia types 


■ It a a:t wcU to combine these twn lara-types for tliia pan 
different seaxs in wbkh the nam*a are used, 

* ot plateau hwaiia ire included ia t 

1 The Evoluiitm of the Iputrtet Radti. PrinMtoa, leuS, bo 
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1 Keener, W, Q., and \oderuo., E. M., ''Cnistal£a%-en 
Mumaa, Bieti. v 2 e„ Serie ii, Tgiine iLi, 10jS, p. 24, 
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The broad chemical characteristics of these two magma-typ^ 
noted above (p. 304)* Evideotly they possess different potentialities 
of producing rock-types doseJy associated in the &eld> and being 
derived from a common parent magma, are aptly termed consan- 
giiineous or comagmatic. It is widely belie^ied that both of these 
primitive basaltic magmas are capable of giving rise to suites of 
rocks becoming increasingly divergent from the parent "stem'' with 
the passage of time. These suites are considered more fnhy below. 
The processes whereby a single magma-tj^ may give rise to a 
diversity of rock-types may be grouped under two headings: dif¬ 
ferentiation^ or the splitting of a magina into fractions; and con¬ 
tamination—assirrulation of wall- or roof-rock. 


DIFFEREKTIATIOI^ 

The most favoured process of differentiation is fractional c^stal- 
Uaation, the laboratory foundation for which has been thscussed 
above {p. 166). Amongst the earliest crystals to form in a basic 
magina are Mg-rich oMvines md Ca-rich plagiodasOi It so happens 
that these crystals of early formation, particularly the Fe,Mg- 
silicates^ are of relatively high specific gravity—high-^ in general 
than the liquid in which they are suspended. Therefore they may 
sink under the influence of grarity (gravitational diflerentiation), 
and the magma from which they formed becomes depleted of their 
substance^ while the lower parts of the magma body become corre¬ 
spondingly ervriched by crystal accumulations. It is obviously easier 
to find evidence of crystals which have been added^ than of those 
which have been subtracted^ Field evidence is overwhelimiagly in 
favour of the gra^itative sorting of olivine crystals in particular; it 
is found in many layered intrusions^ for example the Palisades Silli 
New Yorkj* where the olivines have been accumulated to form a raft 
near the b^ of the sill. On a smaller scale similar evidence is aflorded 
by a siU in the Shiant islcs»; but in this there is a steady increase in 
specific gravity and in the proportion of olivine, from top to bottom 
of the intrusion. Evidently in this case the process of gravitational 
sorting was arrested at an earher stage than in the case of the Pal¬ 
isades Sill. Even m lava flows such as those of the Deccan, the 
process can be seen to have operated. 

Less direct evidence for the enrichment of a magma by crystal 
accumulations is provided by some of the duysophyric basalts such 

^ Walker, F,, ot tlitr Faliudcft SiU J>iabaM/* Btdl. S«. 

k (I940J. p. to^. ^ ^ 

* Walkcf. f:, of the Shlaat M**/' Jtmt. CrfW. W,. 

htt^vi (1910), p, 361* 
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as the picrite-basaJts of the oceanic islands and the picrite-dolerites 
of the Karoo. Bowen has pointed out that rcx^ks of this kind are 
rarely, if ever, found without phenocrysts, even if the rock as 
a whole is a rapidly-chilled glass. This suggests that no pure liquid 
exists having the composition of the ch^sophyiic basaltSp because 
somewhere it would give rise to a wholly glassy rock. In other 
words, to give a rock of this particulai composition, it seems that 
normal basalt magnia must always have olivine crystals added to it. 

The calculations by Daly regarding the addition of olivine crystals 
to nomal Hawaiian basalt-magma to yield the composition of the 
"picrite-basaltSp" have already been referred to on p. 305* The 
relevant analyses are quoted in the table on p. 304, The oorre- 
spondence-that exists lietwecTi the calculated composition (nomial 
basalt plus olivine) and the actual composition of the picritc- 
basalts is certainly strikingp and sufficient to justify Daly's conclu¬ 
sion that the latter rocks have arisen by the accumulation of olivine 
crystals. 

As we have seeUp there is no difficulty ip proving a <^se for frac¬ 
tional crystallization and difierentiation when dealing with the 
rocks which have been enriched in crystals; but problems of a very 
different order arise when attempting to trace the subsequent his¬ 
tory of the magmas from which those same crystals have been 
subtracted. A few of the trends which may be followed can be deduced 
with fair certainty. It is certain, for instance, that with the removal 
of Mg-rich olivine, the amount of Mg remaining in the liquid must 
dwease, and therefore the ratio FeO : MgO must rise. Further, as 
olivine b one of the most basic coloured silicates, and anorthite the 
most bask of the plagioclases. their removal must result in an in- 
crea^ in aridity of the residium. The content of alkalies will increase 
relative to Ca through the removal of auorthite. The points which 
have to be considered are' (t) Is the trend of differentiatioii likely to 
be towards an essentially acid and ferruginous end-product^ or one 
essentially alkah-rich? (a) To what extremes are either of these trends 
to be followed Ln nature? Can a basaltic parent magma give rise 
to rhyulite as an extreme differentiate? These points can be con'^ 
siderod only by reference to the rocks themselves. The evidence they 
afford is broadly of three kinds:— 

I. From the association of other rock-types with basalt in the 
6dd; 

z. From the order of crystallization observed in the basalts them¬ 
selves; 

3. From the nature of "pegmatitic” segregations in basaltic and 
doleritic rocks. 


3 ^ 


VARIATION IN ROCK-TYPE 

(I) of wiih oiJur rock-typcs. 

The Dearest approaich to ideal * latwr^tory conditioDs for the 
study of basalts is to be found among the volcanoes of the oceanic 
islands. The ocean fioor h underlain by sunatic basalt, covered by a 
thin layer of calcareous and deep sea sediments. It is safe to clalm^ 
therefore* that the whole association of igneous rocks in these 
islands must have been derived from a primary basaltic magma^ 
admittedly with a slight chance of assimilation of. say* limestone. 
The rocks found on Hawaii^ as described by Macdonald,^ are domi¬ 
nantly olivine^basalts and basalts (without olivine)* with fe^er 
^'andesites'^ and occasional flows of trachyte representing the extreme 
saJic differentiates of the parent magma. The ^^andesit^ we regaid 
as oligodase-basalts similar to the Scottish rnugearites (p. 33 ^)' 
Among the rarer types are basaltic rocks containing small iqiiantities 
of nepheline (nepheline basanites], and even melilite-ncpheline- 
basalts; as well as the cumulophyric basaltic derivatives of oceanite 
and ankaramite types. We would empharize that the assemblage Is 
essentially olivine-basaltic. It closely resembles the C^boniferous 
volcanic suite, embracing olivine-basalt, basalt, mugearite, trachyte 
and phonolite, of the Midland Valfey of Scotland. 

This assemblage in Hawaii is regarded by Macdonald as having 
evolved from a parental olivine^basalt magma (p- an^ysis) 

by long'COntinued crystallization proceeding under static conditionSj 
undisturbed by erogenic earth-movements. It is typic^ of the 
existing oceanic islands* but occurs also in other "'anorogenic'* areas. 
In contrast to the oceanic lavas, the continental plateau basalts 
are accompanied by occasional flows of dadte and rhjxjlite. This 
appears at first sight to support Bowen's hj'pothesis* that rhyolites 
may result from the extreme crystallization differentiation of 
basaltic magma. Perhaps the slight differences in composition be¬ 
tween the oceanic and plateau-basalt magmas are sufficient to 
account for the different trends of differentiation in the two^cases. 
Unfortunately this is immensely difficult to prove, for in any conti¬ 
nental** association of rocks a distinction must be made between 
two processes: production of an ass^blage of rock- 4 yp^ ^ di^frtn^^ 
ffCJW* cr by coniamimdion of th^ magma by as^imilaiion of and mixing 
wUh, sialic rocks. In such evidence for derivatiori by fractional 
crystallization of a basic magma is often sought for in the smooth 
Variation curves* obtained when the \"ariou5 oxides of andysed 
rocks are plotted against silica percentage. This type of variaticiii 


' Op. cit. supra, i 

1 Valuible discufflirOM qf varwtiaa m ^van yy 

Hisktry af Igntims 190^, p. iiB; md Huluua, A., PsirPirapMc 

MrShods and Caleutaiiout, 1 ^ 30 - p. 
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diagram is probably the most useful wheu the tocks under con¬ 
sideration range from basic to add. Once the general trend of the 
differentiation curves has been established, it is the usual practice to 
regard any analyses showing a wide “scatter" from the mean as 
representing cantaminated rocks, or rocks which have resulted from 
some other subsidiary manner of differentiation. But the use of 
th™ curves has severe limitations. They certainly serve to show 
which rocks of a complex are genetkaUy related, and they also show 
tte trends of differentiation in its broadist sense. They cannot 
indicate, however, the process by which that diffeientiation was 
achieved. Syntexis is just as capable of giving rise to straight-line 
variation as, say, fractional crystaQization.i 


(a) Course o/ CrystaUizstion found t« Basaltn and Dolenta. 

In rapidly cooled lavas and dyke rocks it is possible to trace the 
course of fractional crystaUization through the changes in compfsi- 
tion shown by zoned crystals, and also by the degree of idiomoipbism 
shown by the various minerals. As an example of the former, olivine 
is instructive as detailed in a previous chapter {p. 46). Further, 
under the conditions of rapid cooling postulated, the earlier-formed 
crystals may not achieve equilibrium with the rest of the rock, and 
may persist beyond their normal stability range. Thus much of the 
olivine in b^ts has survived on this account, even though the rock 
as a whole is often found to be over-saUirated. With slow cooling its 
survival in such a rock would have been impossible: it would have 
been converted into pyroxene. In effect, then, rapid cooling achieves 
the same r^ult as the actual removal of olivine crystals, so far as 
the composition of the remaining liquid is concerned. If the latter 
then crystallizes as a glass, it is possible for it to have the same 
composition as that of a differentiated liquid fraction after the 
removal of early formed crystals. Thus the nature of the mesostasis 
sometunes preset in such rocks becomes of outstanding significance, 
“^e most string type of meso&tasb is undoubtedly the so-called 
micropegmatite characteristic of the very widespread quartz- 
dolerites, represented in thb country by those of the W'hin Sill typo, 
and elsewhere by the Karroo sills. It is not surprising, therefore, that 
this micrographic intergrowth of alkali-feldspar and quartz should 
be used as a strong argument for the view that rhyolite is the ex¬ 
treme fractional differentiation product of a basaltic magma of this 
type. According to F. Walker,* the interstitial glass of certain 


SuahoWinc ^ ut , E. A., .V.«. xxi. 
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"tholeiites" has a aimibr composition. In practice, of course, it is 
extremely difficult to detetmine the compoeltlon of minute patches 
of glasSp using normal analytical methods. C. £. Tilley has attempted 
to solve the problem by determmkig the refractive indioe^ of a 
series of glasses of known composition, which may serve as standards 
of comparison,* 

Unfortunately the evidence afforded by the nature of the meso- 
stasb IS conflicting. Although the residuum has a granitic (quartzo- 
feldspathic) composition in some quartz-dolerites, and more doubt¬ 
fully in some tholeiites, yet in a great number of basalts the glass is 
demonstrably crowded with minute grains or dendritic aggregates of 
iron^e (Fig. 53), Largely on theoretical grounds the problem of 
iron-enrichment in the basaltic residuum has been discussed over a 
period of yeai^ by Fenner,» who originally stated the case in favour^ 
and Bowen, who has argued against. Quite apart from theoretical 
considerations, however^ the rocks concerned speak for themselves 
in no uncertain voice 1 they display iron enridunent in some in¬ 
stances^ and alkali-feldspar and quartz enrichment in others. The root 
cause for these two trends of differentiation remains uncertain. If 
too great stress is laid upon the idle of feldspars in diSenentiation 
problems, then the conception of a residuum having absolute en¬ 
richment in the alkalies (especially potassium) and silica neces¬ 
sarily follows. On the other band it must be admitted that the 
variation in the coloured silicates indicates a different conclusion. 
It has been shown that in all the important groups of rock-fonning 
silicates, those which crystallize early and at relatively high tem¬ 
peratures arc Mg-rich; while those of later formation become 
progressively richer in iron. This variation—which is a matter of 
fact, not theory—lends strong support to Fenner's hypothesis. 
Recently confirmation of the latter has been provided by the com¬ 
prehensive study of the Skaergaard intrusion in Eastern Greenland. 
The layering of the gabbroic members of the complex has been 
referred to above (p. 292). The successive accumulations of crystals 
which have resulted from gravitative sorting vary in the manner 
postulated above : in both olivines and p>T‘oxenes the ratio of Mg 
to Fe fails in passing from earlier to later members of the complete. 
The latest which have survived denudation are the highest in the 
intrusion, and contain fayalite in some types and hedenbergite in 
others. The geological accidents which first permitted the undis¬ 
turbed fractional crystallization of such a large body of basic magma 
at a high level in the earth's crust, and then led to the almost ideal 

* ''Density, RefeactivSty md CoFupoi>itba RelatinixA of sonie Natural 

GLassea." Afm. %lx p- ^73- 

* "The CrystnJUuttDn ot Ati^rr. Jntm. Sn., xviii (f939l> P- 



370 THE PETHOLOGY OF THE IGNEOUS ROCKS 

exposure of the ravilting rocks, are quite tmique. It may be partly 
lor this reason that the phase of iron^^ichment so coovinc^gly 
displayed at Skaergaard Is normally not seen. It may be mentioned 
that there b little dificrence in the silica percentage of the various 
rocks which have resulted from fractionation in this intrusion. 
Wager and Deer* therefore suggest that the most appropriate kind 
of variation diagram to use for illustratmg the changing composition 
of the component rocks is one in which the ratio of magnesia to iron^ 
oxides is plotted against the ccnnpMitioa of the plagiocIa$es„ 

(3) Fds%c Sigr^gaHms mth Ddmits. 

W. Q. Kennedy^ makes great use of the evidence provided by 
these felsic segregations—the so-called "'pegmatitolds" —in support 
of his two-basalt magma hypothesis. The Information he has col¬ 
lected largely from British Tertiary and Carboniferous dyke-rocks, 
suggests that sbnatic (olivine-) basalts give rise to aLkali-rich segre¬ 
gations, and sub-sialic (tholeiitic) basalts to add segregations having 
affinity with his calc-alkali lineage. This may indif^te two different 
trends of differentiation from different parental magmas, but in¬ 
sufficient is known concerning the origin of feldspatbic veins in 
basic rocks generally for one to use the evidence confidently^ 

The Ordovician dolerites of Merionethshire are cut by veins, and 
contain dots, of simnar highly felsic material of late origin, and there 
is no doubt that the phenoiuenon is widespread. Here they have 
been referred to as "doleritfraplites^^—a term which is more appro¬ 
priate than "pegmatitoids/^ for both in mineral composition and In 
texture, as well as presumed origin, they are aplitic rather than 
pegmatitic. 

Conclusions*—We may summarize the findings thus far a$ 
follows. A basic composition is the obvious choice for a single 
parental magma, if such is assumed to be the ultimate source of 
most igneous rock-types. Olivine-basalts are universally present, 
and must be the products of a frequently liquified earth-sheU. 
Genuinely over-saturated basalts and their doleritic equK^ents are 
apparently restricted to the continents, and from petrological 
evidence alone it is not possible to say whether they are erupted 
from an overlying impersistent earth^shell, or are the products of 
wide-spread syntexis of sialic rocks by simatic basalt. The evidence 
for the differentiation of such a magma or magmas is conflicting: 
field evidence and geochernical research have provided convincing 
proof of fractional crystaUization, particularly when it has resulted 

* Op. cU., p, 3^. 

* "Tnsnda of Differ^ttation m Jtmrtt. xxv 

dwh p. 339. 
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in crystal accumulations ’a^bich have enriched some parts of the 
solidifying magma-^body. The trends followed by the complenientary 
magma fractions depleted of these crystals are more difi^oilt to 
determine. In no single instance are the products of extreme frac¬ 
tionation seen to grade into one another^ unless it be in the iron- 
rich gabbros. etc.* of Skaergaard. Evidence for the trachyandeaite- 
trachyte trend (''alkali trend/" Kennedy) from an "olivine-basaJt 
magnaa“ (simatic basalt magma)* or for the andesite^rhyolite trend 
('^c^c-alkali trend*" Kennedy) from subsiallc basalt mageoa^ is all 
of an indirect nature. 

There is, in fact, powerful quantitative argument which has been 
directed against the theory that rocks of granitic composition 
originate* ultimatelyp in a ba^tic magma. F. F. Grout^ has calcu¬ 
lated the amounts of magma fractions of gabbroiCp dioritic and 
granitic composition which could be derived by fractional oystalliia- 
tion from 100 parts of olivine-gabbro magma as follofl.'s:— 

OAvine^tbin {30J ^ ^ ^ 

The significant points are (r) the trivial amounts of rocks of 
granitic composition so fonmed; and (2) the fact that theoretically 
rocks of "Intermediate" composition should be more abundant than 
"Acid^' rocks. These figures are obviously not in accordance with the 
actual araounts of sycnitic> dioritic and syenodioritic rocks on the 
one hand, and of granitic rocks on the other* now exposed ou the 
earth's surface. Such calculations must be used with cautioup how¬ 
ever. "Rocks of granitic composition" include rhyolites and dyke- 
rocks of the same composition* as well as granites; but an unknown,, 
and probably unknowable ^ proportion of the last-named are believed 
to be not directly of magmatic origui, and therefore stand outside 
the scope of such quantitative estimates. Again p there is no funda¬ 
mental reason why the intermediate producta should be preserved at 
all. One of the most striking facts oonoeming the association of 
difierent rock-types in the field—and this is particularly true of 
central complexes—is the virtual suppression of intennediate rocks* 
and the almost constant ass^x^ation of basic with acid locks. But 
this does not prove that in due course the mtermediate products 
failed to appear* but merely that the local conditions prevented their 
survival. The great preponderance of basaltic lavas and dyke-rocks 
—demonstrably magmatic in both cases—over rhyohtic rocks in the 
same categorieSp is consistent with Grotit"s and Hohnes' calculaticns: 
the overwhelming abundance of granites as compared with all other 

^ Thfi use oi CakulitiMia in PWrold^/' p. 549- 

See A. Holgsra, ^ Tlie Idea of Cent^Mi Difleremtation/'^ Giol. Mag., 
Ixdii p- «8i aad Nodra^di, S. p- 5*0- 
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lands of deepsfiated rocks most mean one of two things: either 
most granites are of non-hasaltie origin; or there must be vast basic 
intrusives hidden beneath the exposed graniteSp As we shall show in 
the section on the origm of granite-s, evidence is aocumidatuig in- 
creasingly in favour of the former altemative- Just one of the 
pointers in this direotion may be mentioned here: in several deeply 
dissected granite masses^ where exposure is virtually continuotis for 
several thousand feet in a vertical sense, there is rarely* if ever, any 
sign of inhomogeneity or of increasing basicity with depth. 

Discussion so far in this chapter has centred upon the possible 
trends of differentiation of basic magmas, and the peirological 
evidence discussed has been concerned with extrusive rocks* particu¬ 
larly those of basic and acid composition. The intermediate rocks, 
with the exception of the andesites^ have been rneutioned only 
incidentally, and the plutonic rocks hardly at all. In so far as they 
have been mentioned, it has only been to show that the acid and 
intennediate plutonites fit very badly iuto any theory of origin by 
difiereatia.tIon of a basic magma. In this respect many of the plu¬ 
tonites may be at variance with many of the extrusives of com¬ 
parable composition. It appears, in fact^ that Idle rhyolites* dadtes, 
andesites* trachytes and basalts have little in common, so far as 
genesis Ls concerned* with many granites, granodiorites, syenites* 
diorites and gabbros, despite their suniiarity in composition. The 
granitic rocks present so many problems that they are dealt with 
separately bdow; while the origin of the intermediate plutonites has 
already been considered in tlie appropriate chapters. In one impor¬ 
tant respect aU these plutonic ro^ may differ from their extrusive 
equivalents: the former frequently, and the latter seldom* show 
evidence of contamination by assimilation of foreign material. Some 
of the general aspects of this phenomenon must now be exiamined. 

AmmiMion, 

Certain physical aspects of the assimilation of country-rock have 
already been mentioned under "sloping.” Wall- or roof-rock whkh 
has been mechanically shattered and engulfed in the magma sur¬ 
vives, for a time* in the fonn of angular blocks of ah shapes and 
sizes, known as xenoliths. Initially the latter are dearly demarcated 
from the invading rock, and contrast with it in colour, texture and 
composition; but as a consequence of heating to magmatic or near- 
magmatic temperatures* they gradually merge their identity into 
that of the host rock. Two processes are involved in such assimila- 
tioa. According to the composition of the xenqlith, it may be incor¬ 
porated by pure melting* or by reaction with the magma. On account 
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of the possibly highly complete composition of the xenolith as a 
whob^ we propose to discuss the fate of Individual mineralSj^ and In 
the ftrst instance restrict our attention to the rock-fonnmg silicates. 

Bowen* has related the reactions between magma and xenolith 
to those w^hich take place between a magma and its own nontially 
precipitated crystal phases. Thus if a magma is temporarily in 
e<]uiLibrium with a plagioclase of composition^ say* An^g., whiA is 
being precipitated* then the magma win reuci with an inclusion of a 
more t^dcic plagioclase (and therefore with a higher melting point) 
until it conforms to the equilibrium conditions of the surrounding 
liquid. The latter contributes sodium and silicon p while the xeuo- 
crystic plagioclase ^nelds up calcium and aluminium to the magmas 
until its composition is changed to that of the stable phasep Le., 
An^g. On the other hand, any included plagioclase richer in sodium 
cannot exist at the magmatic temperaturep which is above its own 
melting point. Such a plagiodase must meltp and adds the whole of 
its substance to the magma. To melt a mineral, however, demands a 
relatively large amount of Latent heat, which has to be pro^nded by 
the magma. Since the Latter probably has no surplus heat, unless it 
is being continually supplied by convectional transfer from depth* 
pure melting can only be achieved by a corresponding amount of 
crystallization—wiiich releases latent heat. 

What is true of plagioclase is equally true of all other groups of 
silicates belonging to continuously variable series, and probably true 
also of the discontinuous reaction series of Bowen [p. 172}. Thus 
olivine p oocunirig in a xenolith immersed in magma precipitating 
biotitep would be progressively converted, in stages* from olivine to 
pyroxene, then to amphibole, and* if the reaction is not stopped by 
freezing of the magma* into biotite. Conver^y* biotite immersed iu 
oUvme-prcdpitating magma and therefore at a temperature high 
above its own melting pointy would meltp and in so doing would 
cause the precipitation of an equivalent amount of olivine* necessary 
to provide the latent heat of fusion. In shortp xenolithic minerals 
high in the reaction series tend to be ""made over'’ into those lower 
in the series, by reaction; while those low in the reaction series may 
be melted p on incorporation in magma. It follows from these gener^ 
considerations that the individual component minerals in a xenolith 
of igneous rock will behave very differently* according to whether 
their melting points are above ot below the magmatic temperature 
at the time of incorporation in the magma: some accessories may 
prove refractory, some essential constituents may melt* others will 
change by reaction as explained above. 

' Bowen, N. L., "The BehevioDT of luclusioiu in Igneous Hucki/" 
act^ (1922)* p. jij. 
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Most sedimentary xenoliths difler from tbeii igneous counterparts 
by having a siinpler mineralogical composition p and in the extreme 
cases of quartzite and limestone, a very simple chemical composi¬ 
tion also. The changes produced within the xenoliths themselves 
aie^ in the initial stages, those revolting from "contact” meta- 
morphism of wall- or roof-rock. In highly aluminous xmioliths the 
well-known Al-$ilicate$, espedally sillmianite and oordierite, are 
producadp and even when all trace of the xenolith has disappearedp 
these minerals rmy survivep in the closest association with the 
normal components of the rock. Thtis specimens of the Dartmoor 
gmnitep collected from near the shale roof, are normal in thin sections 
except for occasional dots rather richer in hiotite than usual, and 
containing crystals of cordierite associated with red garnet. If the 
xenolith is of limestone, Ca-rich sihoates, dis^ct from those occur¬ 
ring nonnally in igneous rocks, are produced^ Among them garnet of 
the grossiilarite-andradite type, dlopside or hedenbeigite, a parga- 
sitk hornblende and anorthite are commonly developed. Quartzite 
is a special case. Unless the xenolith is incorporated late in the 
cooling history of the magma, the temperature of the latter must be 
such as to render quartz unstable; but it will only melt if immersed 
m basaltic magma. As explained on a previous page, such meltmg 
causes predpitation of the terroznagnesian silicate stable at the 
magmatic temperature—often augite in basaltic magma—giving the 
familiar "limmed quartzes” [p. 300). Larger quartzltk xenoliths in 
granitic magma behave differently, however. Here the magma takes 
an active hand: the diffusion of alkidi ions into the quartzite leads to 
feldspatbization. Indeed, in most of these reactioiis, pc^ibly in all, 
both xenolith and magma contribute to the end-product, which, no 
matter what its original composition was, must approximate more 
and more closely to a rock of igneous aspect. Many painslakmg 
studies of xenoliths have been made, involving careful analytical 
research; but there are inherent difficulties which are not easily 
overcome. Firstly, it is often almost impossible to recognize the 
origmal sounce^rock of xenoliths which have undergone any but the 
slightest reconstruction; secondly, it is difficult to be quite certain 
that the gains and lo^es deduced by coiupaiing the xenolith with its 
presumed unaltered equivalent, are not due to lack of homogeneity 
in the rock concerned: the original composition of a xenolith can 
seldom be proved —it can only be in many instances. Not¬ 

withstanding these difficulties, however, the fact re main s that the 
close study of the behaviour of xenoliths in igneous magma has 
contnbuted largely to the growth of modem Ideas CTmoertiing 
granitizatiOD. 

There are many well-authenticated examples of local assimilation 
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which has caused contamiuaticm cf the marginal facies of plutomic 
intrusions. The field evidence strongly suggests that some, at least, 
of the feldspathoidal syenites have had their origin in hmestonc- 
assimilation by granitCp and in some cases by basaltic magma 
(p. 241); It has been suggested that assimilation of aigiilaceous 
material converts gabbroic magma into norite (p. 282); and that 
reaction between basic igneous xenoUths and granitic magma pro¬ 
duces diorites and monznidtes (p. 273). AH of these changes have 
been visibly produced near the upper limit of intnision, when the 
supply of heat energy must have b&ai nearing exhaustion. It is well 
to realize, therefore, that similar processes must have been in opera¬ 
tion on a much vaster scale in depth—a process which Daly has 
called abyssal stoping and assimilation.^ Extensive bodies of hybrid 
ntagvui may thus be formed by syntexis. It b not impossible that the 
andesites—of demonstrably magmatic origin—represent such a 
magmap while the less mafic sub-sialic basalt may owe its distinctive¬ 
ness to assimilation of sialic rock by more mafic basic magma. There 
is wide scope for speculation here, with little chance of definiti 
proof or disproof. 

* Daly, R, A.p igstiom Hceiis the Depih if the Earik, 

PiiJt Uk chapters xl and xii. 
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ORIGIN OF THE GRANITIC ROCKS AND GRANITI 2 ATION 

The first step towards building^ ap a reasonable theory of the cdgin 
of the granitic rocks roust be based upon Daly's^ observatious thatj 
on the one hand "granites''" (notably granodiorites) are vastly pre¬ 
ponderant over ah other plutonites: and on the other, that among 
the volcanic rocks, the dominant type is basalt. ConsMeration of the 
geographical distribution of these contrasted rock-types led Holmes* 
to formulate his hypothesis that granitic rocks can originate only 
where a granitic shell {the sial) b already in existence. This follows 
naturally from the fact that granites arc restricted to the continental 
areas, but are absent from the ocean basins. In the latter only rocks 
of direct basaltic parentage can be produced. 

Furtber, even in the continents the granitic batholiths are re¬ 
stricted to orogenetic belts: for it is only within such regions that 
crustal thickening forces down the siahe rocks to depths where 
melting is possible. By this means a magma may be form^ within 
the uppaviosi crustal layer (the sial), although the rocks w^hich 
consohdate therefrom are of d€ep-$£aUd "plutonic** type* By con¬ 
trast, in the typical volcanic complex, although the rocks are of 
"volcanic’’ habit the magma in thb case was derived from a hwer 
basaltic crustal layer. There are thus good grounds for recognizing 
more or less dbtinct "plutonic" and "volcanic** associations as 
advocated by Kennedy^ The plutonlc asso<datloa comprises the 
eruptive rocks of orogenetic regions, dominantly ooarse-grained, of 
essentially granitic composition. The volcanic association in¬ 
cludes dominantly basaltic rocks, of extrusive habit, and typi<^y 
of fine-gi^in, occurring in stable regions subject to tension. 

Wliile it is well to recognbe this distinction in a very general sense, 
there must be no confusion about the use of the terms involved: 
a "plutonic association** may include extrusive (volcanic) rocks. 
Farther, because most granites have a different mode of origin from 
most rhyoliteSp it must not be forgotten that the add sateHitk minor 
intrusions around a granite pluton are often demonstrahiy co- 
maginatic with the latter, and chemical and mineralogical affinities 

* Op. pn. 

1 Holmes. A.. "The Problem ol the Asaociatfon ot Acid ind Basic Kocks in 
Central Comptefies," bcviii p. 241. 

1 ICeiiiiedv, W. Q. and Anderson, E. M., "'Cmstal Layers and the Origiii 
of Migmas/' Bitil FoLc.. Serie ii, tomn Ui (193S), p. 3 ^. 
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may prove the same relationship between a granite and associated 
rhyoHte flows. Similarly, a volcanic assodation may contain some 
pLutonic massesp which in such cases are as often as not of gabbroic 
type. This i$ so* for example, in the Central Complexes of the Thidean 
Tertiaiy Province. In both types of association granitic roc^ may 
be found: while they are dominant in the plutonic* they are very 
subordinate in the volcanic association, and fundaroentally of 
different type. For this reason* therefore, we consider the two types 
of association Separately- 

Detailed studies of the structure, form and relationships to con¬ 
tiguous rocks have shown that granites, even in orogenetic belts, vary 
widely, and certainly have not all originated in the same way. In 
spite of the different interpretations placed upon the eviden<^, some 
granites clearly exhibit an intrusive relationship to the country rock, 
and largely on the field evidence are regarded as of magmatic origin. 
In other cases the eifideuce is claimed to prove that pre-existing 
rocks have been granitized in rftw, through the selective action of 
^■emanations." These two possibilities are examined in tum. 

(fl) The Magntaiic Origin of Granites in Orogenic BeUs. 

Whatever hypothesis is favoured, it is generally accepted that the 
heat energy necessary to produce a granite magma is to be found in 
the basaltic substratum. A considerable part of Daly's masterly 
treatise on the nature and origin of igneous rocks is devoted to this 
problem,* He attempts to weave a theory of the origin of bathohthk 
granites into the overall pattern of earth-movements and orogenesis. 
The intimate connection between the emplacement of thse masses 
and orogenesis is one of the paramount facts to be reckoned with. 
Daly considers that the dovsTiwarping of the sialic rocks forming the 
roots of a mountain system may lead to their ultimate melting in 
the hot sLmatio substratum. The fluid masses so fonned may then 
penetrate upwards, partly by sloping, partly by assimilation. 

Pentti Eskola considers it very probable that in addition to the 
wholesale melting or palingenesis^ of sialic rocks* a process of 
sdeciive refusion is also operative- This is a logical deductioo from 
the geochemical oonsiderations outlined in Part II, Chapter IHk 
T he minerals which crystallized last, and at the lowest temperatureSi 
from the original melt, should be the first to react to a renewed rise 
of temperature- Orogenesis* in this hypothesis, is invoked chiefly as 
a filter-pressing mechanism, to squeeze out the light, low-mdting- 
point components from the mush of more refractory crysta^. Such a 
process operating over a consideTable period of time might thus 

» Radii ihe Depihi af the Earth, New York. ig^S, PP- 

and 433, * called ' aaatexis'' by some writer*. 
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a magma of granitic composition from a very different 
and possibly considerably more basic mineral assemblage,* Obviously 
the proof cl any of these processes is impossible: the sharp 

transgressive iunctions, the evidence afforded by the alignment of 
pbenocrysts, and the obviously intrusive nature of the minor off¬ 
shoots from the main piuton all point to the intrusion of a magmap 
whatever its origin. 

A fact that appears to be of considerable significance in this 
problem is the constant close association of acid and basic rocks in 
igneous complexes of many different forms. This has been com¬ 
mented upon by many writers, including Bunsenp who based his 
two-magma theory on this association^ and latterly Holmes^ has 
formulated a hypothesis to explain the facts. Fehite* quartz- 
porphyry and pitchstone occur in composite siUs and dykes in 
association with basalt or dolerite; in larger laccjohthic intrusions 
granophyre occurs with dolerite or gabbrOp while add veins are 
commonly found cutting most of the Tertiary dolerites and gabbros# 
Holmes noted that the cone-sheets of the Tertiary complexes con¬ 
verge downwards to a focus 3 to 4 miles below the surface. Thb 
focal point is believed to correspond with the apex of an upthnisting 
plug of basic magma—that iSp with the top of a localized basaltic 
magma chamber. Since the thickness of the sial b considerably 
greater than 3 to 4 mUes^ it is obvious that such a magma chamber 
must have been situated within the sial. In view of the known lower 
melting point of granite as compared with basalt, it seems inevitable 
that extensive melting of the surrounding sialic rocks would, in 
these drctimstancesp take place, and that some add magma would 
be produced by this means. 

( 6 ] GrMUizi^ioH. 

The pc^ibiUty that rocks of widely different type and varj^g 
composition may acquire a granitic character by essentially meta- 
somatic processes has been strongly advocated for many years. This 
has particularly been the case among those concerned with the 
study of the FVecambrian granites and gneisses of Fenno-Scandia 
and the other Shield areas. In these regions it is difficult to draw a 
line between rocks of igneous, and those of metamorphic origin, 
since they appear to merge imperceptibly into one another. This is 
the case also in Sutherlandshire where H. H. Read maintains that 
the higher-grade gneisses are not the products of unaided dynamo- 
thermal metamorphism of pelitic rocks, but arise through the 

^ tfce Origio flf CnoJtic Magmas,“ Mitt, adii (1033)1 p. 

^ '"The Ptoblum th& Asaociatvoo of Acid and Basic HdcVj la Centimt Coni- 
pltiM," Msg., iKviii p. a*;. 
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mixing of country toclc of sedimentiiry origin with siliceous, alkali ^ 
or aluminous "raagmap" which increases the quarts and (eldspar 
content of the gneiss. These are the ^^injection gneisses'' of Read, 
while an area characterized by these phenomena is an injection^ 
complex/'* A similar process may well have operated in the case of 
the '^Older granites^^ in the Scottish Highlands. 

J, J. Sederbolm® has d^ccibed rocks of this kind, which are 
demonsti^bly of a mixed origin, as mlgmatltes. The granitiamg 
agents or ^"ichors*'' of Sederhohn were described by him as having 
properties intermediate between an aqueous solution and a v^ty 
much diluted magma, with much of it probably iti a gaseous state. 
Detailed chemical and petrological studies of the transition between 
essentially metamorphic and igneous^ looking rocks have been made 
in a few instances only. The most detailed study of the kind in a 
British area is that carried out hy Y. Chengs for the rocks in Suther- 
landshire. The original metamorphic rocks of the area studied 
indude types ranging from pelitic schists and gneisses to sihceous 
gianulites. By collecting samples strictly along the strike, it was 
possible to trace the effects of progressive alteration of one li^o^ 
logical type* Thus, in the pelitic gneisses, for instance, the origin^ 
muscovite and garnet are eliminated, whUc plagioclasc increases in 
amount and becomes progressively more sodic, using up ^me of the 
original free quartz in the process. The amount of biotlte remains 
remarkably constant p although the biotite lamellae become less 
perfect with increasing granitization. There are other important 
textural changes, induding increasing grain-size and the develop 
ment of porphyioblastic plagioclases. At one stage myrroekite is 
lonuei The unportant feature to note is that all thew changes t^e 
place without any disturbance of the original schistose bedding, 
although certain components have by some process entered the 
rock, while silica has left it. The resulting granitized rock is appro¬ 
priately termed a permeation guelss* In Cheng's opinion ^e 
permeating agents were largely sodic solutions. Actual penetration 
of the gneisses by granitic fluids followed the permeation, thus 
giving Injection gneisaes with fairly distinct interbanding of 
quartzo-feldspathic layers (of "igneous" origin) and blolite^ridi 
layers (of sedimentary origin). These are the tjr^ic^ migmatites. 
Often sedimentary structures are faithfully pr^rved in the granitic 
gneiss, so there can be no doubt as to the largely metasomatic origin 


^ "Gwki«y of Central Sutherlwid.” M*m. Smwv. ScaSamd, rOH.pp. 88. 

^ 'on Migmatitw and Associatol Pre-Cambrian Rocks of Spoth-WMtero 
Finland/' BuU. Cum. Fittiandji, No. 77 [ip^l P ^ ^ r 

1 Area around BettybiU, Suthtrland, fiiuw'- /ui™. 
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of these granitized rocks.* The esseotial point about the several 
theories put forw^d to account for these facts is this: migmatites of 
this type are the products of interaction between country rock and 
"juices'" [to be non-cgminittal) derived from a granitic magma. The 
latter has been considered by Sederholm and bis adherents to be a 
neccss^ prer^ubite for granidzation.^ Stated in other words, 
according to this view granitization take place only if and where 
granitic magma is already in existence. 

More or less opposed to this view is a new school of thought 
which favours "dry" ionic diffusion and migration along mtercrj’stal 
boundaries as the granitking process, rather than permeation of 
liquid or gaseous ichors, and the operation of pore fluidsJ The 
migration of ions is prompted by rising temperature and pressure 
combined: the activity of the ions depends upon the energj^ level. 
Detailed geochemical researches on contact phenomena have demon¬ 
strated that the various elements involved in the Tnetasomatism 
tend to migrate in a certain order. Where a particular element or 
combination of elements has accumulated at the limits of diffusion 
within the metasomatked rock, a zone distiiLctive in mlnetal com¬ 
position results, and has been termed a "‘frontIt has been shown 
that in some instances, at least, a basic front* involving Ca, Mg 
and Fe is first produced and moves in advance of the acid 
constituents. 

The most enthusiastic exponent of the concept of metasomatic 
fron^ in this country h D. L. Reynolds who has provided several 
detailed studies of contact phenomena shown by the Caledonian and 
Tertia^ intrusions in Northern Ireiandi Various references are 
given in the last part of this book> The basic front'' phenomena 
are well displayed in the dark zone rich in mafic mineraJs frequently 
developed at the contact between a basic xenolith and the magma 
in which it is enveloped. Indeedp basic and ultrabasic xenoliths of 
some observers are interpreted as being due to basic fronts advancing 
inwards during the course of the granitization of sedimentary rock.^ 

The well-known porphyroblastic feldspars occurring in the contact 
zone surrounding granites are in the nature of a test case as regards 
granitization. A finely displayed contact between ^Calmesbury Shale 
and the granite at Sea Point just outside Cape Town provides 


^ Ignwnja Atti*n/* Pra. Addr. to Seetkm 

oru, -Dundee Breriiiig, 1959, p. 

^ 'firamtiiation'' in the same wide seme is MajcemeDT and 

WOson in their jmper, ' On Ciraaitiiatiqn and Assodated Frt^cftsses/' Mag.. 
iMCVi p. 193 . ^ 

f Bacinund,, H,,. Tbe GraoitLEatioii Prablenij''' ^ 1946, p. 11 o. 
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critical evidence.^ Here the has <>bviously been extensively 

migmatized, and impregnated by material of granitic origin, whether 
ions or ichors is not important for the moment. The darker, more 
shaly portions of the mixed rock are charged with large eiihedral 
crystals of alkali feldspar, and ah the evidence sugg^ts that they 
have grown in situ: they have not crystallized from a granitic 
magma, but have developed in modified country-rock in the process 
of undergoing granitization. Feldspar porphyroblasts of identical 
appearance are not infrequent in fine-grained basic xenoHths en¬ 
closed in many granites such as Peterhead. Shap, and the Jersey 
granites, and they convey the impression that with a slightly higher 
degree of alteration of the matrix in which the porphyroblasts arc 
enclosed, the r^mltant rock would be dose to a porphyritic granite 
in at least appearance. 

Given that ionic transfusion of the kind postulated does in fact 
take place, the possibility that a boundary may be interpreted as 
marking the limits of diffusion by one geologist, but as an intrusive 
contact by another, must be faced. Possibly the interrelationships 
between the component minerals on either side of the boundary 
might provide critical evidence on this point, but such evidence is 
usually very difficult to interpret, and must be considered in con¬ 
junction with the detailed changes shown by serial chemical aiial3^ses 
of specimens collected across the contact. V^Tiile these may give 
definite information regarding the resuits of the process, they do not 
unfortunately, yield infonnation of the process itself, which is so 
difficult to visualize. In certain local examples, however, detailed 
work has shown that rocks of igneous aspect have resulted from 
metasomatic processes of the kind suggested. It is daimed that, as a 
result of progressive metasomatism, together with a piling up of 
energy from the emanations, a general softening and ultimately 
liquefaction of the material undergoing granitization wiU take place. 
Rock material in this condition is said to be rheonaorphlc, and to 
have been ''mobilized/' These are guarded terms designed to avoid 
referring directly to the magmatic condition; but in the last r^rt. 
a thoroughly magmatic body must surely arise in this way, and a 
granitic magma has been bom. Indeed^ it is reasonable to argue that 
this may be perhaps the most important process involved in the 
birth of a magma in the upper parts of the crust. The essential con¬ 
dition is that the reactions brought about by the emanations must 
mis* the temperature of the rock-mass ailected to the lowest melting- 
point of certain combinations ol the least refractory minerals such 
as quartz and feldspar. In this way the necessary d^ee of lubrica- 

^ Mi&tliiu. M. Walker. F.. ''On a Graait^-Slate Contact at Sea Puiat, 
Cape Iowa/' Quar^ Jeum. Gecl. Sx., p. 499. 
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ticn may be achieved to permit either the squeezing out (by filter- 
press action) of the now liquid fraction, or movement of the whole 
mass—that is, its intrusion. If this is a true conception, it follows 
that it is most likdy to be effective where sialic rocks are deeply 
depressed in orogcnic regions; and this may well accottnt for the 
fart that granitizatiou phenomena are most widely and most con¬ 
vincingly displayed in deeply eroded Precambrian terxanes, Thb 
does not predude the possibility that the same phenomena on a less 
impressive scale may be produced in the uppermost parts of the 
crusty and even in kratogenetlc complexes. Once a granite magma 
has been formed and haa been forced upwards, pjartly by reason of 
its own defideucy in density and partly by errterriaJ forces, it may 
be preceded by a wave of metasomatidng agents. If intrusion is 
relatively rapid it may follow this aureole of alteration very closely^ 
and even overtake it, giving sharply transgressive iunctious* Rather 
sluggish movement of the magma, on the Other band, may permit 
the formation of a gradational margin to the intrusion^ In such cir¬ 
cumstances any granitization phenomena would rank as contact 
metasomatism. On the evidence of the textural characteis and 
chemical gradation of marginal rocks alone, it would be wrong 
therefore, to conclude that the whole mass has arisen by granitiza-^ 
tion in sUUr Herein lies the great danger of assuming too much from 
granitization. The facts presented by the rocks themselves suggest 
that some such process has operated in some instances; but on the 
other hand, the very homogeneity of the granites whose mar^^ns 
may display evidence of granitization suggests that their physical 
state must have been such as to allow free mixing of the cem- 
ponents. In other words, it is impossible to prove that such masses 
were not maginatic. It will be realized that if , in a particular case, 
origin by in sfiit granitization is proved, the granite is the result, 
not the <^use, of the emanations, as has been frequently daimed- 
Artually this is akin to the problem of which came first—the hen or 
There is ample place for both magmatic and (at the appro¬ 
priate level) metasoniatic granites. It is important to consider each 
case on its merits, and to regard the evidence objectively^ 

On account of limited space, thb has necessarily been a very brief 
statement of a highly controversial subject. Fortunately the reader 
gather additional information from the stimulating account by 
H. H. Read/ and from the references given in the note on p, 375. 
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CHAFTER 1 


PRE-CAMBRIAN TO DEVONIAN IGNEOUS 
ACTIVlTy 

Altmou<jH it is neither advisable^ nor even pwsible. to divorce 
stratigraphy entirely from an account oi the igneous history of 
Britain, the detaib of the former may be largely suppressed exKpl 
in so far as they bear directly on the sequence of events and the 
quality of the magma intruded or extruded> as the case may bCj 
during any igneous episode. In this brief account emphasis wUl be 
laid only upon those occurrences which are of special interests in 
that they have some bearing upon the problems of petrology and 
petrogenests. 

The igneous cycle when complete oompiises: 

(i) a volcanic phase {outpouring of lava)* 

(ii) a pha^ of plutonic {or major) intrusion^ 

{iii) a phase of minor intrusion (*'dyke-pha$e^')p 

The products of every cycle are not necessarily completely ex¬ 
posed at the surface at the present time: the active period of the 
volcanoes may have bem of short duration ^ the amount of lava 
actually extruded may have been small; subsequent erosion may 
have b«n profound. These drcumstauoes have combined in some 
cases to destroy all record of the volcanic phase. In like maimer the 
plutonic intrusions may have failed to penetrate sufficiently near to 
the surface to be by subsequent denudation, as happened 

with the Carboniferous igneous cycle of the Midland Valley of Scot¬ 
land, the cycle in such cases consisting of lava-floTft's and minor 
intrusions only. On the other hand, some cycles were brought to a 
close by a recmdescenoe of extrusion. 

The most constant phase is that of the min<M: intrusions. There 
are* indeed, seemingly unattached dyke-phases that can only with 
difficulty be assigned to a particular cycle; while individual siUs and 
dykes extend to such great distances from thdr volcanic centte that 
there b considerabk difficulty in correlating them+ 

In Britain, volcanic activity played an important idle in the 
Pre-Cambrian, Ordovician* Devoniani Carboniferous and early 
PenjuMi periods* and in the Tertiary epoch* 
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The later stages of the period duriag which the earth came into 
being must have been charactemed by widespread and intense 
volcanic activity- The records of this period are lost, but during the 
Pte-Carobrian epoch lava was injected and extruded on a scale 
which has seldom been equalled since in the Kcewatin and 
Keweenawan in the Canadian Shield), 

In the area now occupied by the British Isles, volcanic action, 
although on a more modest scale than that charactericijig the 
Canadian Shield, must have been widely distributed> since there are 
tew of the comparatively small and isolated outcrops of Pre-Cam- 
brian rocks that are not in part of igneous origin, Outatanding 
features are the relative abundance of add lavas (rhyolites); the 
development at various levels of t^'pical pillow-lavas; the almc^t 
invariable presence of sodic plagiodase in place of the calcic varieties 
more usual in the basic lavas; and the variety and complexity, both 
in form and cotopoaition, of the plutonic masses. 

Although, on account of the al^nce of the usual criteria, correla¬ 
tion of the Pre^Cambrian formations is difficult, it is possible to 
distinguish an earlier (Archaeoioic) from a later (Protero®oic) 
period of emptivity. The former includes the igneous rocks of 
Anglesey and the coast of Argyllshire, the latter, those of Shrop¬ 
shire, the Malvem Hills, Carnarvonshire, St. Davids (Pembrokeshire), 
the Chamwood Forest (Leicestershire) and some of those in the 
Channel Islands. 

The Lavas. 

In Anglesey volcanic rocks occur at three chief horizons in the 
bedded succession of the Mona Complex: in the Fydlyn, Amlwch 
and Gwna Groups basic material predominates, though rhyolitic 
ejectamenta also occur,, chiefly hi the lowest group. The basic rocks 
are tj^ical pillow-lavas, consisting of rounded masses varying from 
six inches to a yard in diameter, and wrapped round by sediment 
which is sometimes jasper and sometimes limestone. The lavas are 
obviously submarine, and are aax»mpanied by thin ash bands* 
Types that were originally glassy and others that are variolitic are 
well represented, and are claimed to be spilites by Greenly.* The 
feldspar b pure albite, while the coloured mineral, common augite, 
is somewhat better preserved than in most rocks of this kind. Occa¬ 
sional pseudomorphs after olivine also occur. A point of special 
iuterest is the discovery that„ when traced into regions of intense 
metamorphbm, the normal spilite pass^ by degrees into a rare type 

^ "GeclDgy of Anglesey," voL j, Sunf., 19X9, pp. 34 and 71* 
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of schist consisting essentially of giAua>phane and epidote.* These 
rare glauoophane-schists af e restricted to one small area in Anglesey- 
An outlier of the Mona Complex occurs in the western extremity of 
the Lleyn peninsula in Carnarvonshire^* and here also spilites are 
well developed, Platonic rocks of Pre-Cambrian age form part of the 
Mona Complex and are referred to bdow. 

In the Ta5^allich Peninsula, forming part of the lowdying cmstal 
region of Argyllshire^ lavas and contemporary intrusions occur in 
the Loch Awe Group of the Dakadian*^ That the lavas were sub¬ 
marine is proved by their close assodation with deep-water sediments* 
and by the perfed pLUow-structure which some of them possess. 
The multituf^ous vesicles are arranged in concentric zones, while 
pipe amygdales up to one foot in length spring from the base of the 
Sows. These characteristic structures have enabled the sucoession 
to be correctly inteiprctcd in spite of the extreme complexity of 
the tectonics of the region. The lavas were claimed by Flett to be 
spilites^ and consist of albite, chlorite^ carbonates and quartz. 
Closely connected with them, and undoubtedly contemporaneous* 
are transgres^ve sills, originally ophitic dolerit^, but converted by 
juvenile reactions into rocks consisting of albite, uralite, epidote and 
sphene. 

In Shropshire lavas and tuffs, penetrated by intrusions of 
bucogranite, form the Uriconian rock groups* occurring both east 
and wiest of the plateau of the Longmjmd, The eastern belt includes 
the hills of the Wrekin and Caer Caradoc; while the western cul¬ 
minates in Pontesford Hill, long famous, together with the Lea 
Rock near Wellington, for their perlitic and spherulitic rhyolites. 
Andesitic ashes and flows of oligodase-basalt alM occur.* Although 
the centres of eruption have not been exactly located there is no 
doubt that these lavas were erupted from volcanoes of the <^ntTa] 
type. 

Lavas prolably of nearly the same age constitute the Warren 
House Volcanic Series in the Malvern Hills. Although poorly 
exposed they show much the same range of composition as the 
Uriconian lavas^ and include sodic rhyolites, sodic trachytes and 
variolitic spilites, together with tufis. 

Pebbles of add lava dosely resembling the Uriconian types have 
been recorded from the Tonidonian sedimentary tocIk of the 
North-West Highlands. The northerly provenance of the bulk of the 
Torridonian sediment* however, renders it highly improbable that 

f "Geology oi AnglHcy/' vol. i, Af™, G*?/. 1919, p. 115. 

* Matloy, C, A„ Q J.GrS., Lstxxiv and taxxviii li93^K P- 

3 BailEy, E. B,, QJ.C.S., 1^13, p- 2*0, and the ^'G^logy of KmpdaJe, 
M*n, C*ol. 191T+ p- 59. 

* BotiltDn, W, S., QJ.G^S., lx (FI 47*- 
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these fragments were carried by coastaJ drift or otherwise from 
Shropshire to Scotland. They appear to be the only traces remain- 
ing of sheets of rhyolite^ the original location of which is quite 
unkaown. Probably they were contemporaneous with the UrioonLan 
lavas of the more southerly localities. 

The Channel IsJanda consist largely of plutonic and schistose 
rocks with rhyolitic and andesitic lavas locally well develcped^ The 
andesites are exposed in the neighbourhood of 5t. Heher^ and on 
the north-east coast of Jersey. The platy habit and paraHe! orienta¬ 
tion of the feldspaira. recall the ivell-known "Camethy Porphyry'' of 
the Pentland Hills (p. 418). 

The rhyolites are more widely distributed, and are well known on 
account of their beautiful sphcniiitic and Lithoph3rsaI textures,^ 
Micro-phcnocrysts of quartz and feldspar are sometimes present j 
flow biding is stion^y emphasized by streams of small sphemlites, 
generally the sbe of a pin's head, but occasionally much larger 
(Boulay Bay).* Some of the thicker flows have a perfect columnar 
jointingp as near Ann Port* Several of the rhyoliteSp ^.g.p near Mount 
Oigeuil> formerly regarded as flows, prove to be gjlb and dykes 
penetrating the granite^ 

The IfUrmims. 

Plutonic rocks of Pro-Cambrian age are widely distributed. They 
comprise a considerable portion of the "Fundamental Complex'" of 
the Archaeozoic of the Korth-West Highlandsp of the Mona implex 
in Anglesey and LleyOp and of the core of the Maivem range. The 
Lewisian of the North-West Highlands’ k. in part, a series 
of plutonic complexes^ comprising rocks of add* intermediate^ 
basic^ and ultrab^ic <x7mposition^ Although the rocks are largely 
foliated orthogndsses^ occasionally normal plutonic textures have 
been preserved. At some period subsequent to their intrusionp but 
prior to the deposition of the Tonidonian, the region was subject 
to tension acting from north-east to south-west, and a swarm of 
north-west dykes was injected. In these all stages may be traced of 
the conversion of dolerite into homblende-schist .4 

The complex of the Lizard in Cornwall is presumably Pre-Cam- 
briaUp as are also the granites and hybrids of the Channel Islands 
and the granodiorites. markfrelditeSp diorite-porphyries and dacites 
of the Chamwood Forest in Leicestershire. 01 more than usual 
interest are the so-called Older Granites of Scotland. Instead of 

■ M<»unnt. A. E., Ixxxix (.1933},. p. 373. 

» F^rkiascid, J,, Q./,6.S.. Ivii p. 

1 ''NGrth-W<s5t Highlanda/' Mem^ dtfw. Siw.p 1907* chap?, iii and iv. 

i pp, 0^102. ^ 
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the compact p laccolithic or batholithic form commonly assumed by 
granitic intrusions, these bodies are of extreme complexity^ They 
afford an excellent illustration of the process which Barker regards as 
of the utmost importance in the primaiy difierentiation of igneous 
rockSj viz.p the forcible separation of the liquid from the solid phase 
during the process of consolidation of a body of magmaJ 
The characteristic feature of the more acid types of the older 
granites is their tenden^^ to subdivision into an infinite number of 
small intrusionSp which often permeate extensive areas and are 
Largely responsible for the high degree of crystallkation of the schists 
and gneisses into which they have been injected. 

As a whole they are kter than the main Pre-Tomdonian folding 
movementSp although the greater part of the intrusion took place 
vdien the region was still under the induenoe of great earth-stresses^ 
with the result that the material of the earlier has often been sepa¬ 
rated from that of the later consolidation. The latter appears either 
in the form of rdnute sills or threads of grariite intruded along the 
divisional planes of the metamorphosed sedimentSp or as pegmatite 
in siUs or veins. The granite and pegmatite sills are as a rule foliated; 
while the coarser vein material b more often unfoliatetL Probably 
the intrusions took the form of sills while the district was still 
affected by the great earth stresses^ and that of veins as these 
stresses gradually ceased. 

Even single small intrusions show the result of magmatic dilleren* 
tiation. The central core b often a slightly foliated granite; on the 
margin a rock of a more alkaline and foliated type predominates; 
while the fidnging veins pass into aplite or pegmatite^ which at the 
tips of the veins passes into almost pure quartz rock.^ The complex 
has evidently resulted from the progressive squeexing out of the 
liquid portion of granitic magma consolidating under stress. Each 
portion is sUghdy abnormal in compositioRp but were all parts 
mingled the whole would make up a granite of nomial composition. 
The intrusions can be separated into two great groups by means of 
the dominant feldspar; in the first {the alkali-granite type) alkali 
feldspar (orthodase and mkrocline) predominates; in the second 
[the granodiorite type) the alkali feldspar b greatly subordinate to 
oligociase. Certain of the latter nocks are regarded by H. H. Read 
as having resulted from interaction between an oligoclase-ridi 
trondhjemitic magma and argillaceous rocks (pp. 378^)- 
In addition to the ‘'Older Granites/' howeveTp belonging to the 
same general period of intrusion [that b^ older than the metamorph- 

'* ''Presidential Address/' QJ.O.S., tmi PP- ixvii-icvi, 

‘ Borpow, G+, ''Qeokigy inf Tjoww Deeside/' sctkl 

P ^79. , 
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ism of the Highland Schists}^ basic plutonio rocks m variety also 
occur. OdginaJly mtnided as thick sheets of gabhro and dolerite^ 
they are nofw largely represented by amphibolites, "epidiorites"* 
and homblend&schists. One great sill of thb kind extends for fifty 
miles southwards from the coast at Portsoy- This partietdar sill is 
noteworthy as it has retained its original characters at Portsoy, 
where it is associated with anorthosite (an almost unique occurrenoe 
for Britain) and seipentiniteSi representing iiltrabasic rocks, the 
two being in the nature of complementary differentiates. 

A plutonic complex presenting many points of iDterest occtirs in 
the Lizard distriot of South Cornwall (Fig. rjs). The rocks into 
which the complex waa intruded are highly metamorphosed sedi¬ 
mentary and igneous schists^ The latter, which are hornblende- 
schists, were originally volcanic ashes mrd basic lavas or intrusionSi 
and possibly represent the extrusive phase of the cycle to which the 
plutonic rocks belong. Evidence of the same extrusive phase b 
afforded by the homblende-schists (origmally basic Lavas] occurring 
in the Giannel Islands and on the mainland of Brittany. Their 
occurrence in these three bolated localities suggests the possibility 
of very widespread volcanic activity in the area now occupied by 
the English ChanneL* 

The plutonic rocks of the lizard^ range in composition from 
peridotites (the earliest intrusions) to alkali-granites (the latest 
intrusions], the former being dominanti The ultra basic rocks com¬ 
prise dunite-^erpentinite, tremolite-serpentinite and bastite-serpen- 
tinite, the first two forming discontinnons nones round the central 
core of coarse-grained bastitc-serpentinite (Fig, 132)* The peridotite 
probably has the form of a stratified laccolith, injected during a 
period of great stress which produced foliation and complicated 
folded junctions. The serpentinite is penetrated at Coverack by a 
small intrusio]! of troctolite, wliich in tum is cut by veins of gabbro. 
These are off-shoots from a massive intrusion of ^bbro which broke 
through the south-eastern part of the laccoLith, and penetrated the 
serpentinite in a maze of veins and dykes^ The coarse grain of quite 
thin veins of gabbro proves this later injection to have taken place 
while the serpentinite was still hot. 

After the coolmg of the gabhro, a large number of basic dykes 
(the so-called ^^hlack dykes”) were injected. Many of these are 
uorroal olivitte-dolerites^ surprisingly fresh for their age, but all 
stages Occur in the conversion of these into homhlende^schists. 

- T Ccntrml and S.W, HigbUeds Epldioritei.'' 

® (*934).p, J 54 . 

* ''Petrolngy ol Sark/' Mag., bdi (1935)^ p. 241. 

K C«slogy iji tfae Liard/' Proc. Ctal. Asux,, (iqijiV p, i z 3 ; 

mud C«abg7 of tha Lizard and Mentaxe/' Mwtx. Gfoi, Svrv.^ 2nd Edn.* I94O. 
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Others contain significant streaks and blotches of red granitic 
material which increases in amount m the Keimack gneisseSp these 
having been forced into positicm under great pressure, and consisting 
of bands and lentides of alternating granitic and doleritic composi^ 
tion. 

Finally^ red granite-gneiss, similar to the red streaks in the Ken- 
nack gneisses^ was intruded into the central seipentinite as dykes 
and small bosses. 



no. X32 

Shetch-iELBp at Uip Limd ComplexH CornwaU, ajt^ Sir. J. Flett. 
Black dykes indicated around Coverack and Keimack. 


The Lbard Complex is the largest mass of serpentinite in the 
country {20 square miles), and the rocks illustrate the effects of 
injection and crystallizatfon under pressure. 

The dose association of the basic and add material in the later 
intrusions points to an equally close relationship when in the molten 
condition. It is the first of several cases to be mfcntloned which sug¬ 
gest the co-existence of basaltic and granitic magmas in the same 
''magma reservoir." 

From the Mona Complex Greenly has described a series of 
plutonic rocks ranging from alkali-granites to dunite-serpentinites. 
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and including p3rroxfiiitep gabbro, doleritc and subordinate masses 
uf diorite. The latter are regarded as marginal modi^cations nf the 
granites.* The Sam granite in Deyo. lof long regarded as an Ordo- 
vkiaii intrusion^ is also Pie-Cambrian, and formed part of the 
andent land surface on which the basal Ordovidan sediments were 
deposited.^ 

In L«lceAterahire the Chamian succession^ consists largely of 
volcanic material^, particularly in the lower part of the Middle 
Group, the Maplewdl Series. This includes two spectacular agglo¬ 
merates: a lower, 'Telsitic Agglomerate"' and an upper, ‘'Slaty 
Agglomerate/^ The latter includes blocks up to five feet in maximum 
diameter, which indicate proximity to nearby violently explosive 
eruptions. These Chamian rocks are aLSSOciated vdth a varied suite of 
intrusions, some few of which are represented by fragments in the 
agglomerate mentioned above, and their age is therefore definitely 
hxed- These intrusions include dacite and porphyrttk nucrodiorite 
{Peldar Tor). The most extensive intrusions in the area are essen¬ 
tially sub-acid, wd include the well-known Markfield and Groby 
rocks. The former gives its name to '"markfiddite/" a quaiti^orite 
with micrographic groundmass. The Pre-Cambiian age of these in¬ 
trusions has recently been proved by quarrying operations in the 
Nuneaton district, where the basal Cambrian conglomerate is seen to 
rest unconformabty upon an irregular surface of tnarkfieldite^ and 
Lndudes large rounded boulders of the latter.^ 

The third group of intrusives in Leicestershire comprises the 
much-quamed Moimtsorrd granite and its associated more basic 
derivatives. General agreement as to the age of the complex has not 
been reached, but it is possibly Caledonian. 


ORDOVICIAN 

The Cambrian Period was one of quiescence so far as volcanic 
activity is concerried. With the opening of the succeeding period, 
however, occurred the first great outburst that ushered in the wide¬ 
spread and long-continued actidty of the Ordovician, As shown by 
Harker, some of these early volcanoes were grouped about the 
northern and southern shores of the geosyndine, which at this time 
occupied the British area, but others, in the centre of this tract. 


* Greenly, "Geology of Mm, Surv.^ tgio, pp. go-log. 

* Matley, C. A. and Smith. B., "Ago of the Sam Granite/' , 191^. 
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wtTfl localized by movements of elevation—the pfdtide to the 
Caledonian revolotiom 

The eruptions that gave rise to the piUow-lavas (spUites) of 
MuUion Island off the Cornish coast were possibly conteiiiporaneous 
with the spilites and dolerites in the Highland Border Series occu¬ 
pying an analogous position on the north of the geosyncline; but the 
exact age of both series is still a little doubthd. 

In early Aienig times eruptions in Pembrokeshire^ Carmarthen¬ 
shire and Southern Merionethshire gave rise to the Tre^anip Uan- 
gynog and Rhobell Fawr Volcanic Groups respectively* 

While the Trdgam group consists essentially of andesites, the 
calc-alkaline lavas of Rhobeli Fawr inctude dadtes and basalts^ in 
addition to the dominant hornblende- and augite-andesites. This 
locality is famous for its ciystal tufits, rich in large^ though usually 
broken augites and hornblendes. Rhobdl Fawr itself is the basal 
wreck of the actual volcano^ which was of Vesuvian type> being 
htidt of agglomerates, ashes^ lava-fiows and vent-mtrtisions. Emana¬ 
tions connected with the waning phase of activity have eff^ed a 
complete pseudomoiphism of most of the original minerals* and 
have riddled the rocks with epidote and pj^rite* Numerous sill^ 
crowded together west of (originally beneath) the volcanic pile 
indicate a well-developed "dyke-phase" to which the lithoIogiciUy 
similar sills^ dykes and small laccoliths oozuning in great number in 
the Harlech Dome and intimately associated with the gold-bearing 
quartz veins in the Dolgelley district, undoubtedly belong. The rocks 
of the minor intrusions are those that should be associated with ande¬ 
sitic Lavas, being hoitiblende-microdiorites and diorite-porphyries,* 
In later Arenig times volcanic actiou became more general To 
this episode belong the Coomb Volcanic Series of Uangynog in Car- 
niarthenshire,^ the Skomer Island Volcanic Series, forming the 
island of that name off the coast of Pembrokeshire,? and the Lower 
Acid Series of Merionethshire^ At the same time in the zone of 
D* submarine eruptions in the Southern Uplands of Scot¬ 

land gave rise to the Baliantrae and Sanquhar Volcanic Series in the 
Girvan district .4 Of these several series, those in Merioneth and 
Carmarthen oonsbt essentially of acid lavas and tuffs, those of 
Girvan are dominantly albite-basalLs (spilites), with weU-rieveloped 
pillow-structure, magnificently exposed on the coast near Baliantrae 
and associated with coarse agglomerates. In the Skooier Island 
Series, soda-rhyolites, soda-trachytes (keratophyrcs), trachybasalts, 
« Wtlli, A. K.. 0 ./.C.S., 1^15. P. 4 &S. 

‘ CaatTkll, T. C. anti Thomas. H. H., QJ.G.S., liii (190*^ |>p 123. 

I Tham&a, H. H., Q.LG^S., bsvii (1911)+ P^ i 7 S- 
i D,, *'^the Ballidtrae Complci;* i 937 * P- * 77 - 

ct. ibid., p. iSSh * 
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oli^odase-basalts (imigearitK) and nonnal olivine-basaJts aU occur 
as flows. 

Following a short period of quiescence during which normal sedi¬ 
mentation took place, the LJanvim period witnessed the maxiuLum of 
Ordovician volcanic activity; and simultaneous eruption^ occurred 
at several centres in North and South Wales, South Shropshire and 
the English Lake District. In each of these localities the Llanvim 
volcanic rocks rest upm deep water shales containing the Didymch- 
graptus bifidus fauna, which accurately dates the eruptions and 
proves them to have been submarine. It is possible, however, that 
local movements of uplift and the accumulation of great thicknesses 
of lava and ash enabled some of these volcanoes to emerge above 
sea-level and become volcanic islands. In South Wales the volcanoes 
soon became extinct; in Shropshire activity ceased in bifdm times 
but was renewed in the Caradodan period; in North Wales they 
were continuously active in one locality or another until late Cara- 
dodan timeSn Towards the dose of the period represented by the 
zone of Ntmagraplus gfocilis, the volcanoes of southern Merioneth¬ 
shire became finally extinct, but new eruptive centres were estab¬ 
lished northwards in Snowrlonia and southwards in the Wells 
country of East-Ceutrai Wales [Llanwrtyd Wells)** According to 
Harker the lavas and ashes of Camarvonshire were erupted from a 
series of aligned cones extending south-westward from the north 
coast at Conway. They have long been known as the "Bala Volcanic 
Series.” The IJanvtm and later igneous activity will be considered 
under the several districts concerned. 

NORl^H WALES 

(d) The Lavas,—The Ordovician lavas in North Wales are of 
three different kinds + rhyolites (usually rich in soda)p andesites and 
spilites. A noteworthy feature is the great development of ashes of 
bU degrees of coarseness. These occur on all the volcanic horizons^ 
and usually bulk far larger than the actual flows* The basic lavas are 
spUites, normal basalts being feebly represented. As in the Pre- 
Cambrian, they are chafacterized by pillow-structure which attains 
its most perfect development in the Lower Basic Group near Artbog 
(Merionethshire) and in the Upper Basic Group on Cader Idris. The 
former has a maximum thickness of 1,500 feet and the latter of 
about 500 feet. 

East of Rhobell Fawr a variolitic basalt of normal composition 
(labradorite, augite and ilmenite, with the usual decomposition 
products] occurs in close association with typical spilites. WTien 

^ StMap, 1^ D,, ifld Wwldridg#, S- W., QJ.C.S., lixix p. 16^ 
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followed to the Dorth, the spilit^give place to hypersthcnc^andesites, 
which were erupted Irom the Arenig Mountam centre,* The fact that 
the local volcano had built itself up above sea-level accounts for the 
absence of pillow structure; but in addition the lavas are of ande^ 
sitic, not spilitic, type. 

It is sipi^oant that spiHtic pillow-lavas associated with a rhyolitic 
lava and ashes bdon^g to the Mrundo and bifidus zones occur in 
South-West Deyn in the Carnarvonshire peninsula^: but in Anglesey 
and Snowdonia no volcanic rocks occur on these horizons. 

In the Cader Idris district add lavas and ashes were erupted iu 
post-AiVwfKfo-pre-^^tfs time, and again towards the dose of the 
volcanic epbode, forming in the latter case the Upper Add Group, 
with a maxiinum thickness of 1,500 feet.^ To the north this group 
persists into the Arenig Mountain district. 

The great majority of the rhyolitic lavas of Camarvon^ire are of 
Bala age. They were grouped by Harker* into four series> to which 
he gave local names. Recently much of the area has been resurviyed 
by Howel and David WlUianis.s who have shown that no lavas occur 
on Snowdon below the aone of Nmuigraptus gracith (the zone to 
which the highest lavas of Cader Idris and Areuig belong). Further, 
a thickn^ of some 1,600 feet of unfossihferous, and therefore un¬ 
dated, strata intervene between the fossiliferous horizon and the 
actual base of the Snowdonian vokanics. In the Dolwyddelan 
Syndine east of Snowdon the highest volcanics are inunediatdy 
overlabi by black graptolitic slates, yielding the fauna of the zone 
of D. dingani. It follows that the volcanic episode was of relatively 
short duration—perhaps within the period of one zone^ 

The general succession on Snowdon comprises the three divisions: 


3. Upper Rhyx>l]tic Series, 

2- Bedded P3rroclastic Series. 
I. Lower Rhyolitic Series. 


The Lower Rb3^]jtic Series commences with a nodular rh3^olite^ 
succeeded by well-banded rhyolites in which more quartzose and 
more fddspatbic hands alternate. Where subjects to pr^sure they 
pass rapidly into quartZ’Sericite-sdiista. The only coloured minerals 


" Fflimsides, W. G,, QJ.G.S,, 1905- FP^ 

> M*tJey. C, A„ of Mynydd fhiw;* etc., 0-/-G.S.. Ixximu (m^h 

p. 23$. 1 Cqk, a. H., Q.J G.S.^ hroi W 5 ^ 9 - 5 ^- 

* "The Bala Volcanic Serien (rf C^roorvoniliiriSp^" Std^widt Pw Essay for 
i8d3. p, 0- 

* WiUiiiiiw, H.. • Geobey oi Snowebu,'* QJ^C.S., Lmiii (1927). p. 34*: 
Williams, D., "Tho Gtology . . r oi Nant Pens . , Q.J.G.S^^Imxxvi 

g. 191: WilkiTO, K. aoii BulTBan, O- M., ' Geolofy of the DolwyMelaa 
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are green and brown biotite, ond the Uva^ are n$rially rich m the 
garnet, Locally more than three-fourths {1500 feet 

maximum) of the Lower Rhyolitic Series consist of p5TOdastic 
rocks, first hthic, then crystal, and finally vjtnc all of the 
composition of potassic rhyolite. The pyrodasts arc essentially glass- 
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dust rocks, bearing a very strong resemblance to the rhyolitic ashes 
erupted in 1912 frotn the Valley ol Ten Thousand Smokes in 
Alaska, 

The Bedded Pyroclastic Series indudes a great varie^ of lavas 
and pyrodasts reaching 1200 feet in thidcness. In the main they are 
basic puxnice-tufis interbedded with spUites and rare flows of rhyolite* 
Of special interest is the wcorrence of numerous bombs of spilite 
and keratophyre especially abundant about Snowdon's sumnut- 
The presence of add lavas associated with these baric rocks indicates 
that more than one group of vents was in operation at this penod, 
which was that of maximum differentiation of the magma^ 

The Upper Rhyolitic Series consists of potassic rhyoHteSp though 
rather richer in soda than the earlier acid flows. They are poor in 
phenocrysts, which include orthodase and acid plagiodase* while 
biotite is commonly present. 

( 4 ) The Inlxijaive Rocks.—The Lower Palaeozoic rtx:ks of 
Wales are penetrated by large numbers of intrusions. On the grounds 
of pctrographical simil^ty it is dear that the homblende-micro- 
diorites of Merionethshire represent the hypabyssal phase of the 
RhobeU-eruptions. Simiiarly the hy^rsthene-anderites intrusive 
into the rocks building Arenig Mountain must have been nearly 
contemporaneous with the eruptions from that centre. In both cases 
there b often difficulty in determming whether a particular rock is 
extrusive or intrusive. But in addition to these local types, there are 
dolerite sills of regional distribution and uncertain date. Although 
there were no Carboniferous or Tertiary volcanoes in Wales, intru¬ 
sions of both these ages occur in Anglesey, Carnarvonshire and 
possibly farther south. Intense folding also took place in Wales 
during the Caledonian revolution p and it is possible that these earth- 
movements were accompaiiied by intrusive phenomena, Neverthe- 
lesSj most of the intrusive rocks, other than those of Pre-Cambrian 
age, must be regarded as belonging to the Ordovician cycle, "nie 
infliience of the local centres is shown even in the regional sills: 
those in the Aren^ district show af&nity with the lavas by contMiug 
hypersthenCi while the feldspar is stated to be less basic than in the 
doleritra—^andesine in place of labradorite. In those areas where the 
facies of the extrusive phase was spilitic^ the dolerites are usuaUy 
albitired, while the spiiitic dolerites [which were intruded into soft 
mud on the sea-floor and reproduce many of the characters of the 
lavas) are the connecting link between the' two phases. The normal 
dolerites are of very simple mineral composition, being plagioclase^ 
augite, ilmenite rocks, with ophitic and ophimottled textures. The 
central parts of the more massive intrusions are coarse-grained and 
gabbroic. None of these rocks contains olivine. Quartz-dolerites and 
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spilitic dolerites both occur in Snowdonia and in South Mmoneth- 
shire. Although in eastern Camarvotuliire the dolerites are often 
fresh, it is rare to frnd any original minerals among those of Snow- 
doniap where they are albitized and chlodtizcd. In Merionethshire 
the dolente intrusions are especially developed in the neighbourhood 
of Dolgelley, occurring chiefly as sUls, partictilarly in the Basement 
Group of the Ordovician, In Snowdoniap the doleritic intrusions are 
dykes in the Cambrian rocks, but and small phacoiiths in the 
Ordovician volcanics. 

Nuinerous concordant intnisicins of albite-dolerite occur in the 
Builth-Liandrindod Ordovician inlier in Mid Wales.^ They seem to 
demonstrate the mdnence of depth of intrusion upon the form of the 
rock-bodies, which vary from sills in the Llanvimian to small, widely 
Scattered bun-shaped masses in the LLandeilian. Some appear to be 
laccohths, with feeders, of the conventional type. 

Large numbers of intrusions (often composite) occur in the south¬ 
west portion of the Lleyn peninsula, and are intrusive into the 
D* bifidus and lower beds. Petrographically these are linked with the 
Palaeoaioic sfllsp dykes and laccoliths of Anglesey. Distinctive feattires 
are the occurrence of hornblende in even the most basic types* and 
the large amount of olivine sometimes present. The rock-types 
represented include minverile (hornblendeJolerite), olivine-dolerite 
and homblende-picrite. In mineral composition these nocks appear 
to be distinct from those occurrmg farther southp and Greenly claims 
them to be of Jate-Caledonian age* 


The acid rntrusions of Snowdonia foUowed the eruptive pbasOj 
and include representatives of all the commoner add minor intni- 
dve nocks. Phenocrysts of quartz* micropcrthite and orthodase are 
frequently plentiful^ and are embedded in a micro- to cryptocrystal^ 
line groundmass of soda-orthodase and quartz. These acid minor 
rntrusions are petro^aptucally allied to the rhyoUte dovi-s. The 
granophyres (graphic nucrogranites) are characterized by the 
presence of augite, while the microgranites contain both thk rnineral 
and biotrte. In two locahties. Mynydd Mawr and Bwlch-y-Cywion, 
pl^ of these minerals is taken by ricbedqte (p. 218). Mjrnydd 
Mawr IS boss^like mass three miles west of Snowdon. It is probably 
he plug of a i^kanic vent of Bab age. nmrking the source of some 
of the lavas of Snowdon, Moel Hebog and Llwyd Mawr. A sirndar 
nebeckite-microgranite with a dow-banded rhyolitic marginal facies 
occurs near Uanbedrog. in the Lleyn peninsula. = At Tan-y-Grisiau* 
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2 miles north of Ffestiniog, there is an mtniave mass of microgmnite 
(sometimes micrographic) ^ 3| miles long. The date of the intmsioii 
was subsequent to the hardening and cleavage of the Tremadoc 
rocks and may be much 5rounger than the Ordovician^ The rock is 
characterized by abundant quartz and pwomess in ferromagnesian 
minerals. The feldspar appears to be largely a triclinic variety^ 
possibly $oda-orthodase.^ 

Acid intrusive rocks [granopbyres} in soiithem Merionethshire 
form two massive columnar sills in the neighbourhood of DolgeUey, 
one building the precipitous scaip of Cader Idris^ and the other 
occurring in the foothills to the north! 

Few of the larger intrusions in Carnarvonshire have been studied 
in detail: those that have, indicate their composite nature, due in 
some cases to successive injections and in others to difierentiation in 
place. An example of the latter is Pcnniaennia.wr Mountain on the 
north coast of Carnarvonshire, between Conway and Bangor*^ The 
intrusion becomes progressively more basic from the summit down¬ 
wards. The upper part of the intrusion is a graphic microdiorite 
approaching markhelditep while the rock buildup the lowest visible 
portion is nearly doleritic in composition, being a labradorite- 
pynoxene rock, with the former mineral in excess, 

Shropshire and the Welsh Bordera.—Ordovidan andesites 
occur in the bilk of the Shelve district, near the boundary between 
Shropshire and Montgomeryshire 4 {Fig^ ^ 34 )' Here lavas of lower 
Llanvim age form the Stapeley Hills, attaining their greatest thick¬ 
ness and extent on Todleth. These lavas* ashes and associated in^ 
truslvo andesites contain phenocrysts of plagioclase, augtte, ^d 
hyperstbene in a hue microlitic groundmass^ In the same area thick 
sheets of ash of similar composition are intercalated In the Bala 
rocks. 

Precisely similar hypersthene-andesites occur amongst the Bala 
ashes of the Breidden Hills (e.g.. at Moel-y-GoUa, 6 miles north-east 
of WeUhpool), which constitute an outlying portion of the Shdve 
area. Vesicular andesites and tuffs also occur near Builih, in the 
range of the Cameddnu (Herefordshire and Radnorshire), where 
there is an outlier of Ordovician roclcs. 

The Ordovician rocks of Llanwrtyd Welb include volcanic material 
of acid and basic composition: the acid rocks are fragmental soda- 
rhyolites, some showing perlitic texture, while the basic rocks are 
typical spdites showing pillow-structure* They occur in the zene of 


« Jeenings and WiUianu, QJ.G.S., ijvii p. 3^- ^ ^ 

* Cox, A. H. and Wdb. A. K.. I^wer PaJanzoK Rocks of dw Arthof 
DUtrtet {Merioniirthabire],'' & J pp. 

1 Sament, H. C., Prx. Gtoi SfX. Liverpool, ativ p 
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Ncmagraptus gracUts^ and are therefore coDtemporaneous with the 
Upper B^ic and Upper Add Groups of Cader Idris.' 

The comparative uniformity in the petrtsgraphicd character of 
the Lavas is reflected In the minor rntrusives^ of which two main 
types occtir* Tlie first of thesCp termed by Watts ^'intnisivie andesites,*' 
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Sketdi-niAp of the Ordovkian inlierr of Shelve area, Shropshire, alunvinK 
the outcry of the lavu and associated intrusions. Aflt* 

OKd C, Volcanic rocics stippled; bulc-ultiabadc, blacky 

intmsive andeast^, small dashts; Oidoviciaii iedimeiita^ blank. 


are found iu the area of the Stapeley Volcanic Series on Stapdey 
Hillj Llanfawr, Roundtain, and Todleth.a In the Breidden Hills 
they form the greater part of Moel-y-Golfa. From their lithological 
characters some were foitnerly thought to be lavas. The second type 


* and WooWridg^e, S. W,, Q.JrG.Sn boeijr ■( 102 n, 16. 

1 Watta, W. W., "The Ceolof/ of South Shiopihire/' Pne, Graf, 
" '915. P 33 ^. 
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is dolerite^ res-enibliiig the g::^bbroid dolerites of North 

Wales. The Ordovidaji rocks of the Shelve area are pierced by Toany 
dykes and sills of dolerite.* At the Comdori and at Pitchfolds the 
phacoUtbic character of these mtnisions is apparent. At the former 
locality the phacolitb is iatrasive into the tySiifK^-shalfls, a Little 
below the overljing Stapeley ash-beds. In the Breidden HillSj 
hypersthene-dolerites containing both bypersthoie and an^te, 
and often with ophitic texture, occur at Rodney's Kllar, Criggion, 
Belau Bank, and Trewem, and are simUar in form to the Ccmdon 
phacolitb. In addition to the basic intrusives small outcrops of 
augite-picrite occur in the Shelve district near Shelve Church and 
Cwni'tnawr+ Some doubt exists (in the absence of direct ei^idenoe) as 
to their age^ but as augite^picrite would be the normal ^ more basic 
differentiate of a magma which gave rise to the dolerites, and since 
the two types occur together in the min or intnisions of Caraarvoa- 
shire, it seems probable that the Shropshire picrites are of the same 
age^ and belong to the Ordovician cyde^ 

The dolerites of this area are not all of exactly the same age: 
cognate xenoliths of dolerite are found in the intrusive andesites 
referred to above. The latter, on Moel-y-GoIfa, were definitely em¬ 
placed and exposed by denudation prior to the deposition of the 
unconfoitnable Llandovery beds. The doleritf^ of the Cameddau 
range, near Builth in South-West Radnorshire, cut Ordovician 
fLlandeilo) rocks^, hut are not found piercing the Llandovery beds; 
they are therefore considered by Woods* to be of post-LlandeQo and 
pre-Silurian age. Consequently some^ at least, of the dolerites must 
he of Ordovidan age. Blyth has shown that the Squilver gabbro 
formed a “feature" on the early-Silurian coastline, as pebbles of this 
rock occur in the basal Upper Valentian beach’-deposits. As this 
gabbro metamorphoses Uanvimian shales^ the age of these intm- 
sives is proved (F^. 134), 

The Luka Diatrict.*— The vast accumulation of volcanic material 
known as the Borrowdale Volcanic Series is mainly made up of 
andesitic lavas and tuffs, but, as in the case of the contemporaneous 
cycle in North Wales, a change in the character of the magM took 
place towards the close of the volcanic episode* the andesites and 
andesitic pyroclasts being succeeded by rhyolites. 

The enormous thickness originally assi^ed to the Borrowdale 
Volcanic Series has been proved to be considerably over-estimated; 
hut they probably exceed io,ooo feet. During the Caledonian revo- 

* Blyt±L, F, C. K.. "lutruaive of thfl Shrive AimL," QJ.G.S., wix 

P. 169. * ^ 

1 Ctmtl. J F. K., ‘"Vukankity of the Distnet, Ce^. xxx 

(1919). p-153; alsoMitdicU, Vokmk Series.etc./ 

^ f*954l.p. 415 . 
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iutioD they were subjected to very complex folding and profound 
faulting. 

The succession commences with true explosioo tuffs, formed of 
sLateml ejected during the first paroxysmal outbursts. Above these, 
pyroxene-andesites are followed by tuffs, and these in tuna by 
andesites and rhyolites. The lavas are frequently brecciated, this 



135 

Sketeb^map of the Engliib LaJee District, Eitowin^ iht mAjar xt?ck-g70up9 
aad the morg ImportaBt intiusives. Ordovician, bDrlzQatal mlinv; Silurian, 
ra-tical rulinf; Boirowdalc Volcaaic Group, V. 

being accentuated on weathered surfaces, and causing a deceptive 
resemblance to coarse agglomerates. Petrographically the lavas are 
very variable, both m fextiire and in the proportions of the com¬ 
ponent minerals, and rock types other than the dorninant andesites 
may be present. 

The Eycott lavas that occur at Eycott Hill, one mile from Trout- 
beck Station, near Keswick, and m the Cross Fell range, constitute a 
more basic type, probably more correctly dassihed as basalts. Some 
of the members of this senes are strongly porphyiitic, containing 
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fine large crystals of plagiodase (b3rtownite to anoTthite)^ also 
idiomoiphic hypersthene altered to hastite. 

Rhyolites form the highest part of the BorrowdaJe Volcanic Series. 
They are felsitic rocksp presenting strong flow stnictnre, and occa¬ 
sionally containing garnets [as at lllgil) Head). They occur in Lang- 
dalCp on Crinkle Crags and Great Gable [Sty Head)^ in Long Sleddale 
and near Great Yarlside. The basal flow b a typic^ nodular rhyolite^ 
which has been traced over a considerable area, but several of the 
rhyolites are intrusive. 

The lowest lavas in the main Borrowdale Series, which appear to 
succeed the Lower Llanvim conformably^ must have been sub- 
marine^ and poured out in deep water. Shallowing of the water b 
indicated by the strongly marked false-bedding at higher levels in 
certam of the ash bands J 

In addition to the main outcrops^ the Borrowdale volcanics are 
represented in the Cross Fell inlier by a small thickness of andesitic 
lava and ash (the MUbiim Group) in the Bijidus ZonCr* as well as 
by the overthmst masses referred to above. In the Sedbergh inlier 
rhyolitic flows occur in the AshgiUiari- 

The Lake District has its plutonic rocks in addition to a host of 
minor intnisives. Several of the intrusions occur at the junction of 
the Skiddaw Slates with the overlying Borrowdale Volcanic Senes. 
The Ei^kdale granite 5tcM::k (45 square miles in area)i the largest in¬ 
trusion in the district ,3 the Buttenuere and Ermerdale ^'grariophyre/’^ 
the St. John's Vale microgranite and the gabbro-^^granophyre 
sh^et-complex of Carrock Fell all occur at this horizon. Other masses 
consolidated before penetrating so high. Thus the visible portion of 
the Skiddaw granite lies entirely in the slates of that name near to 
the main anticlinal axis^ while the picrite of Great Cockup and many 
of the dolerite sills lie in the same slate series at higher levels* The 
famous Shap granite, on the other hand, oa:ur& near the junction of 
the Borrowdales and the Conbton Limestone Series. 

Very different opinions are held as to the age of many of these 
introsions: the great granite masses of Shap, Skiddaw and Eskdale 
are oammonly regarded as being of Caledonian age* This is certainly 
true of the Shap intrusion, bat an attempt has been made to show 
that the other two may bdoog to the Ordovician cycle*. Similarly* 
the age assigned to the Carrock Fell complex varies according 
to different authorities from pre-Bala to Tertiary^ Much depends 


^ HirtlEv, j; J.,Proc. Gioi. jf nxxvi 11925), p. 20^. 

^ Sln^ttoQ, F. W.. Cross FeU Inlier.^^ O./ G i . xci (i 9 S 5 ). P M 9 

* SiiDpMii, j4««.,xlv{i9i4),p. 17 , ^ ^ ^ 1 , 

* J, F. N,. Proc. Geei. AsMe., hoi PP 1^6-36. md icxviii, 
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upon the correct identificatiori of fragments of these rocks induded 
in the basal conglomerate of the Coniston Limestone Series. 

PetTographicaUy, the rocks show a range of composition identical 
with that of the Welsh rocks described above, viz., from very add 
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^'gTsmophyres” and granites to ultrabasio piciiteSi Add and 
t3fpes again predominate: there are few of intertpediate composition. 
As in North Wales, the “granophyres" pass, towards their margins, 
into more basic modifications approa^ing markfieldite in com¬ 
position (Ennerdale).^ 

In the Carroct Fell compleXp» occurring north-east of Keswick, 
the most interesting features are the sheeted form of the complex; 
the close assodatiou of ^'granophyre” and gabbro in the same com¬ 
posite intrusion; the presence of a hybrid £one between the two 
main types; the differentiation of the gabbro, whicb shows an in¬ 
crease in ihrienite from the centre to the marginSj accompamed by a 
marked decrease in the silica-content from 6 q per cent to 33 per 
cent.* 

Of the many minor intrusiGnSp the following may be mentioned- 
The Armboth dyke is a spbenilitic. or granophyric quarti-porphyryp 
composed of bright-red feldspar {orlboclase) and dark bipyramidal 
quartz crystals scattered evenly through a dun-coloured groundmass 
containing garnets. Porphyritic microgranites occur as bosses and 
dykes 3 thus the two laccoliths of St. John^s Vale, one of which is 
quarried near Tbielkeld Station, are of this tj^j containing pheno- 
cry'sts of orthoclase and small garnets; and dykes of a similar rock, 
with or without porphyritic cr3/staJs of quartz and feldspar, occm+ 
for instance, at a number of iocalitisi In the Wastwatcr district 
there are, connected with the Eskdale and the Enncrdale massesp 
innumerable dykes and sills, some of which contain feldspar pheno- 
crysts up to two inches in length. A remarkable porphyritic micro- 
granite containing^ besides phenociysts of a red orthoclase, plngio- 
dase and quartZp large plates of muscovite and small flakes of 
hiotite occurs at Duiton Pike in the Cross Fell inlier, and is known 
locally as the '^Duften granite." A dyke of spherulitic feEite traverses 
the rocks of High Fell in Cumberland- 

In the areas considered above the intrusions are dosely associated 
with lavas of essentially the same petrographic type; but in other 
tracts where Lower Palaeozoic rocks occur this is not the case. For 
examplcp in the Cambrian inlicr l>ring west of the Malvern Hills* 
several sills and small bosses occur. They are not accompanied by 
lavas^ and direct proof of their age is wanting. It is significant, bow- 


* Eaislan, R. H., QJ.C.S.. Iwi p, ^5.V ^ ^ x e ^ 

* Eastwood, T,, Notthem Eagland, KegioaiJ Geology, 
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ever, that no intrusions occur in the adjacent Silurian strata, so 
that an Ordovician age ior the intrusions is implied. This supposition 
is strongly supported by the facies of the rocks, which are spzlitio- 
The types represented are spiUtic andesites, vesicular spilites and 
spilitic olivine-dolerites. 

The Loch Borolan Complex-*—An interesting intrusive com¬ 
plex occurring m the Assent district of Sutherlandshire cuts and 
metamorphoses Cambrian rocks. It is affected by the Caledonian 
thrusts, and hence is probably of Ordovician age. In facies it differs 
from other intrusive rocks of this period, and, indeed, contains rock 
types unique in this country and uncommon elsewhere. 

The complex has the form of a stratified laccolith, the members 
of which grade one into another, and hence were derived by differ- 
entiation in place. The highest rock exposed is a quarta-bearing 
soda-syenlle, very near to the nordmarkite type. Beneath this, 
megascopic quartas is absent, and with its disappearance nephdine 
and its alteration products come in, while the proportion of coloured 
minerals to perthitic feldspars gradually increases. The central zone 
of the laccolith is occupi^ by a melanite-nepheltne-syenite, while 
the lowest portion exposed is a melanite-nepheline-gabbro. It is 
probable that the base of the intrusion (which is bidden) consists of 
a gamet-ridi pyroxenite. 

The minor intrusions connected with the Loch Borolan Complex 
are not less interesting and indude nepheLme-syeuito-pegmatites, 
aegirine-aplites (^acmite-granite” of TeaU), pseuddeudte-porphyry 
and the problematical rocks usually referr^ to as borolanites. These 
rocks were believed to contain pseudomorphs after leucite, since 
they resemble very closely undoubted pseudoleudtcs of other 
(American) localities, but Sband has thrown doubt upon this identi¬ 
fication 

At two other localities in northern Scotland syenitic complexes 
occur which, from their petrographic characters, are obviously 
comagmatic with the Loch Borolan Complex. Indeed one of them, 
the Loch Aibh Complex, is only two mites distant from the latter^ 
and like it, is intrusive into the Cambro-Ordovidan rocks out¬ 
cropping to the west of the great overthrust faults which bound the 
North-West KighLmdSr The Ben Loyal alkali^complex, on the 
other hand, builds a picturesque mountain group lying ten miles 
east of the overthrust zone, in the heart of the Mcine Schists of 
uncertain, but presumably Pre-Cambrian, age. 

* S, '‘Loeb Baralan LaccolMi, Ifartb-West Scotlmid,*' Joum. 

xlvii p. 40S, 

■ -On Boroluite and its Aasoclatni in AMynt/- Twaju, Ediu. Geot. 
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The Loch Ailsh mass’ has the form of a sheeted complex or 
stiatiform laccolith, consisting essentially of sodi-^tassic sycnite$> 
The highest member contains quartz, and approatiniates closely to 
nordjiiajkitc {p- 234)^ DownwardSp qiiarti failsj as in the Lc^h 
Boiolm Complex, and the dominant tjpe is pnlaskitc. with colour 
ifid^x of 10 or over,, the mafic components Induding' aegirine and 
melanite garnet ^ with riebeckite in one vanety. Still lowcr^i the pro¬ 
portion of coloured minerals increases^ reaching about 70 pwr cent 
in a shonkinite which in turn passes down into an ultrabasic 
layer including biotite-pyroxenite, biotite-homblende-pyroxenite 
and homblenditc. This major portion of the complex i$ cut by a 
later intrusion of ultra-feldspathic syciiitc> termed perthGsiU by 
J. Phemister, on account of its extraordinarily high content of 
{anti)perthitic feldspars. 

The Ben Loyal Complex has been shown by H. H. Read^ to 
consist of rock types doscly comparable with the Loch Ailsh syenites. 
Fiilaskite makes up the greater part of the twelve square miles 
exposed, but nordmarkite is also well represented. 

The three complexes, together with the associated minor kitm- 
siens^ comprise an alkali-province of unique type so far as the 
British Isles are ooncemed. 


SILURIAN 

Igneous activity in the Silurian period was restricted to feeble 
outbursts in one Irish (Clogher Head), one Welsh and two English 
locahties. In the Tortworth Inlier, lying north of the Bristol 
Coalfield, two hands of igneous rock occur in Silurian strata. The 
higher of these is considered to be a lava-fiow, since it is accom¬ 
panied by tuffs, while the low^r is probably intrusive. The lava is an 
enstatite-andesite, containing many corf^cd xenocrysts of 
which^ as usual, are surrounded by reaction rims of pyroxene. The 
rocks of the lower band are more basic, and appear to be intrusive 
albitized olivine-basalts.^ 

The only other English locality where lavas of Silurian age are 
known to occur is near Shepton Mallet in the eastern parts of the 
Mendlp HiUa* The rocks are extensively quarried for road-metal, 
and have been shown by Professor Reynolds to be purple and green 


^ Flwmiittr, J.. in of Strith OyteU and Ltrtier Ijxh Shin/' Mm 

Central Sntherland/' iHtf". Gal. Svrv., 1931, 

^ Kingf "The Cnoc nan Cuilean aiea ot the Btn Loyal Complex, 

xevui [194^). ^ ^ 
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andesites and andesitk ashes. They conlaiQ conspicuous phenociys^ 
of plagiodase and bastite pseudomiozpbs after rhombic pyroxene.^ 

Silurian volcanic rocks occur in West Pembrokeshire at Marloes, 
in Upper Valentian strata. They are olivine-basalt lows showing 
pillow-stmcture. 

The lavas of Closer Head in County Km^ differ from the 
other Silurian examples by being arid in composition and by iU' 
duding nodular and banded rhyolites. The associated sediments are 
of Llandovery and Weolock age. 

Mention may be made of the ""green streak” in the SEone of MofU}- 
graptu^ arg^fU^, in the Skelgill Beds of the Llandoverian of north¬ 
western England and Central Wales. This interesting band is be¬ 
lieved to represent a distant volcanic eruption* and consists of the 
finest wind-blown volcanic dust. 

For the rest the Sdurian was a period of tranquillity: it was the 
calm before the storm, however, for with the dose of the period 
the Caledonian revolution, which is considered in relafion to 
contemporary igneous activity in the following pages. 

THE CALEDONIAN INTRUSIONS 

A small-scale geological map of Scotland shows a large number 
of major intrusions, some of very large size- These have been termed 
the "'Newer Granites” to distinguish them from the "Older Granite;* 
which, as we have seen* are of Pre-Tonidonian age. A better name 
would be "Nev?er Introsives*” for many rocks in addition to granites 
are included. It will be observed that the intrusions are aligned 
roughly parallel to the great faults which divide the country into 
regions and have the direction of the Caledonian mountaiii chains 
(the Caledoaides of Suess}. Doubtless the granites worked their way 
up into the cores of the mountains and have been exposed by subse¬ 
quent profound denudation. As the intrusions came into existence 
at the same time as the mountain chams* that is, at the dose of the 
Silurian period^ it is bst to refer to them as the Caledonian intru¬ 
sions. Granites of this :^e are not r^tricted to Scotland and Eng¬ 
land I others are found in the prolongation of the Caicdonian chains 
in Ireland (the Newry granite* for example) » and Scandinavia. 

With regard to the exact age of the intrusions a difficulty arises 
through lade of direct evidence. With few exceptions the country- 
rock stirroundi^ the intrusions is of Pre-Cambrian age. The Gallo¬ 
way granodjoiites and adamellites in the Southern Uplands of 
Scotland are intrusive into Ordovician and Silurian rocks, so is the 
wdl-known Shap adamellite (a square miles) in the English Lake 

* S. H., QJ.C.S., Ixiii (*907}, p. 218, 

* Rkbey* j. E, aJiufliomM, H. 1^., ^xxxvm (i^j^)* p. 787^ 
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District (Fig. 137); wiiile the largest single intrusion in the British 
Isles — the Leinster granite—is definitely Post-Silurian and Pre- 
CajbonifeTOii$ in age. The small intrusions in the Manx Slate in the 
I$Ie of Man^ comprising the Dhoon^ porphjirritic microgranitep and 
Foxdale granite^ ar$ also probably of Caledonian age, Now, bad the 
granites been in place before the culmination of the Caledonian 
earth-movements they would undoubtedly show the effect of the 
intense pressures to which they would have been subjected^ They 
do not do so^ and hence must be younger than the acme of the 
revolution. In one or tivo cases the marginal portions of the granite 
show some foliation^ and were therefore intruded before the^ eMlh- 
movements had entirely ceased. An upper hmit to their age is 
by the occurrence of boulders of the Kincsrdineshire gtanodjonte in 
the local base of the Low^er Old Red Sandstone.^ Not all of the 
intrusions^ however, were of exactly this age^ as some the Ben 
Cruacban and Ben Nevis granodiorites) cut* and are th^efore 
younger than^ the Lower Old Red Sandstone lavas. The Newer 
Intrusives'' thus include two age-groups: an earlier (CalcdoniM) 
and a later (Post-Lower^ Pm-Middle Old Red Sandstone) series. 
Among others whose age is not definitely proven are the Mountsond 
graiiiteJi and associated dioritic and gabbroic intrusions. In their 
petrographic characters they are distinctly Caledonian^ 

When the petrology of the intrusions is examined it is found that 
there are no marked differences between the two serieSi such ^ 
might be nsed as a criterion of relative age, and in many cases it is 
not possibie to date the intrusions precisely^ 

Although the intrusions are dominantly aod, many other kinds 
of piutonic rock are associated vrith the great granite bosses, either 
as marginal facies or as satelhtic intrusions situated near to the main 
masses. Chief among these are diorites and monronites; though 
basic types, including gabbro and norite, are not imcommon, and 
ultrabasic rocks are sometimes found. It has been shown that in 
these "pltitonic complexes^* the ultmbasic rocks were first injected, 
then those of basic composition; these were followed by intermediate 
rocks, and finally by the main acid intrusions. 

The ^^Newer Tntnisives” of Scotland are all either adame^tes or 
granodiorit eSp with still more basic peripheral modifications in some 
^ses [tonalites and diorites}. 

The South-East and Central Hf ghlande are remarkable for 
not only the number of great intrusions found in these parts of Soot- 
land, but the striking difference in their mode of occurrence. 


^ NockolUs. S. 1 
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the irregularity and complexity of the forms assumed by the '"Older 
(Pre-Torridonian) granites” contrasts strongly with the comparative 
simplicity and uniformity of the Newer Intrusives (Fig. 138). Of 
these several massesp the Kincardineshire adamellite is the least 
variable; it oontains the most plagiodase and is interesting on 
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Map ot thn GAlIoway dutnet, showing the diatrilMJtioii of 
th# grviite coinpItxjK. S^caUs' 1 inch = railet. 


account of the apophyses thrown out on its south-w^tem margin. 
These rapidly pass into porphyritic microgranites- 
Haiker has shown that some of the Caledonian granites increase 
in alkalinity towards the north or north-west^ indicating intrusion 
at a time when the country was still under the influence of the 
Caledonian earth-movements, and suggesting the partial separation 
of the products of earlier from those of later crystallization j with 
the migration of the latter into regions of less stress. The same 
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principle is illnstfated hy the occurrence of small ijitrusions of inter¬ 
mediate, basic and iiltrabasic rocks near to the major add intrusions. 
These are of earliei: formation than the latter, and in several cases 
occur at the south-eastern side of the main masses. This is wdl 
illustrated by the Glen Tilt complex which comprises augite-diorite^ 
touahte, homblende-adamdlite, biotite-gianite, muscovite^granite, 
and granite-aplite. A simOai complexat Garabal HUl,^ near the head of 
Loch Lomoud, includes augite- and mica-diorites, norites and rucks 
bordering on homblende^peridotites, now largely seipentiniEed, as 
well as tonalite and granite. This complex occurs along the south¬ 
eastern margin of the porphyritic granite of Glen Fyne. 

It would be unprofitable to discuss the petrology of each of these 
intrusions, and only the more important points can be here con¬ 
sidered. A constant feature is the occtutence of abundant plagiodase 
in addition to orthodase in the more add intrusioJia; most of the 
granites belonging to both age-gioups are adamellites or grauo- 
diorites. This is illustrated by the so-called Galloway gianiteSp 
which are distinguished as the Criffelp Cairnsmore of Fleet and Loch 
Dee massifs (Fig. ijS), 

The Loch Dee Complex comprises a central outcrop of pale 
coloured biotite-granite, surrounded by biotite- and hornblende- 
tonalite. These tonalites are crowded with sedimentary xenoliths 
and pass into a strongly biotitic facies where they penetrate into the 
wall rock. Still more basic rocks are quartE-norites and norites 
which are marginal in position. A 2one of hybrid rocks is believed to 
have resulted from admixture of the sub-magmas which gave rise 
to the toDahte and ncdte respectively» 

The rock of the Cairo^gre of Fleet massi/ is somewhat fess 
calcic, being typically a biotite-adamellite, grading into biotite^ 
muscovite-granite. A dove-coloured sphene distinguishes the Criffd 
tonalitep which is extensively quarried at Dalbeattie. 

In addition to the massifs mentioued above, smaller ijitnisions of 
granodiorite associated with tonalite and quartz-norite, and evi¬ 
dently of the same age and origin, are found in the Galloway district 
at the Mull of Galloway, on the east side of the Creep south of Cree- 
town, at Gaimsmore of Carsphairu^i Spango Water and south of 
New Cumnock (Fig. 137), There are also many dykes of Caledonoid 
trend of which the chief are porphyritic microdiorites, accompanied 
by a variety of add and lampropbyric types. 


tiSoiL p. *04: ana NuckqMj, S. It. 
Ictmm CcmplMc/- e./G.S„ (fg4p), p. 451. 

j C. J iypQldj. S. H.. "ITw Lodi tkBO Gianite Aita, 

0/.G.s.* bcxxvm (15331), p. i. 

^ ^ p ''Tha CilnamoTt Qf Car&ph&ini CoRsplec." QJ.G S., 

»=i(i935),p. 47. 
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The most alkaline ol the Caledonia granites forms part of the 
Leld&ter granite (625 square miles) in south-eastern Ireland. The 
main intrusion is an alkali-granite with an eKoess of poUsh over sodaj 
but in some of the subsidiary intrusions, which are doubtless 00- 
magmatic with the main mass^ soda prcdoroiuates. Thus a soda* 
grardte occurs at Aughdm^ while another forms the summit of 
Croghan Kinshela and consists chiefly of a brUhant white sodit 
feldspar and grey quartz. 





no. 139 

Mip of part pf nortb-epL^tem Scctlandj tlie distiibntioffl of the grfljutic 

itnd bosk igneous complexes. Utrgtfy work of H, J/+ 


In most cases minor intrusions in the form of dykes and siUs are 
dosdy associated with the Newer Intrusives and are considered 
below (p, 423)» Mica-lamprophyres are less widely distributed^ but 
occur in Galloway and in the Lake District, where they are con¬ 
nected with the Shap adamellite ip. 35 ^)- 
A second great group of Newer Intrusives indudK the complies 
of basic rock occurring in Aberdeenshire at Huntly, Haddo, Ainage, 
and Insch (Fig. 139). Although the various outcrops near Amage 
are separated by a mantle of Highland Schists, they are probably 
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connected underground and are tLe exposed portions of an irregnlar 
sheet The igneous rocks are essentially norites. Between the norite 
and the country rock h a wide sone of '"conlmninsUd noriU" differ- 
ing markedly from both intnisive and invaded rock. The con¬ 
taminated nock is crowded with xenohths in aU stages of absorption, 
and is usually rich in minerals not normally found in pure igneous 
rockSp such as gametp cordierite (Fig. 6o) and spinel. It is note¬ 
worthy, however, that some of the slides of the contaminated rock 
do not appear to differ essentially from norma] igneous rockSn Thus 
one type from Kinharrachie, which consists of hornblende, plagio- 
clase and interstitial quartz, is for all practical purposes a quartz- 
homblendef-diorite. 

The Hiintly mass^ is a sheeted complex some 50 square miles in 
area, within which a wonderful variety of rocks of special petrological 
interest are exposed. They indude peridotites, olEviue-gabbros, troc- 
toUteSp noriteSp as well as small granite bosses. Some of the basic 
rocks exhibit a striking stratification, rivalling the famous banded 
gabbros in Skye. 

The Belhelvie Complex (Fig. 139) is essentially similar as regards 
its rock-typcs, and Is best known for the troctoUtes (Fig. 114) which 
are represented in most teaching ooUections .3 

DEVONIAN 

Igneous rocks of Devonian age are important in South Devon 
and in Cornwall^ and comprise basic and acid lavas {the latter 
being very subordinate to the fonncr), together with ashes and 
minor mtmsions (Figs. 143 and 144). The extrusive rocks cover a 
large area in the neighbourhood of Totnes, particularly around the 
village of Ashprington, and are hence often referred to as the Ash- 
prington Volcanic series. From this locality they range southwards 
through Modbuiyp Saltash, Liskeardp and thence, swinging north of 
the Bodmin Moor granite, reach the north coast of Cornwall near 
Padstow and Port Isaac. Within this tract the igneous rocks possess 
peculiarities indic^tiiig community of origin: the area is, in fact; a 
good illustration of a petrographic province, or rath^, a portion of 
such, since the same seri^ of Devonian lav^, tu^s and intnirious 
ranges across central Europe, through the Vosges and Harz Moun¬ 
tains, into Moravia and Nassau, 

The original character of the rocks h best preserved in the northern 

■ Head H. H,. "Pttiolugy of the Amage District/^ Ix iri x 

PP 447-8^. 

j * P- 43 iF md ^'Geology of Hundy 

■nd Tomlf, Mm. Surv., 1933. 

^ G^bbroic Ccmptex ol Aberdecnalurei” 

QJ.G.S., oi (1047), P 465 - 
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part of the areSp but towards the south the rocks become more and 
more affected by the Armorican earth“niovemeDts; indeed, in the 
Plymouth district they are so altered that their reoc^goition as of 
igneous origin is difficulty while it is usually quite impossible to 
distkignisb between lavas and intrusions. 

In south-eastern Devonshire the eniptions oomniericed in early 
Middle Devonian tunes+ The sites of the volcanoes have not been 
located, but it is dear that they must have been situated at a con¬ 
siderable distance from the shore-line of the Devoniaii Continent. 
Consequently the lavas are submannep and are interbedded with 
limestone and other normal mariiie sediments. The basic lavas are 
all spQites showing pillow-structure and the high degree of vesicu- 
larity characteristic of these rocks^ These features are particularly 
well exhibited at Chipleyp where a thickness of 70 feet of pillow-lava 
is exposed.* 

In the Plyraouth-^Liskeard district the lavas arc much deoom- 
posedy especially those belonging to the Middle Devonian. Those 
interbedded with the Upper Devonian sedimenta^ rocks are slightly 
better preserved, and are seen to be chiefly spUites. Farther to the 
north* in the neighbourhood of Tavistock and Launceston, similar 
rocks occur in the Upper Devonian—Lower Culou 

On the north coast of Cornwall no igneous rocks are found in the 
Lower and Middle Devonian* but in the Frasnian division of the 
Upper Devonian they attain to their maxiinuin development: at 
Pentire Point, near Padstow* the thickn^ of pillow-lava, well 
exposed in the sea-clifis, exceeiis 250 feet.» 

In addition to the abundant basic flows, others of add composi¬ 
tion occasionally occur in the udghbouihood of Newton Abbot and 
Ivybridge. Like the spOites with which they are associated^ a high 
soda-content is characteristic, and the rocks may be referred to the 
sodic rhyolites (quartz-keratophyres of some authors). They are 
much breedated, but it is difficult to decide whether this is the 
result of flow-movements in an extremely viscous lavay or of ex¬ 
plosions in the vents. 


The miner intrusions range in composition from basic to ultra- 
basiCy and comprise three chkf types; dolerites, minverites and 
picrites. 

The dolerites are coarBe-grainedi non-vesicular rocks forming sills, 
in some of which large quarries have been opened for road metal, as 
at Tnisham in the Newton Abbot district .3 The augite is a normal 

' '^<k*logy ofNewtao Abbott/’ GeoJ. Swiv.. 1913. pp. J 4 - 5 ^- 
* DrwEv. iVoc, C«rf. XXV (10I4V. PP. 

i "Newtoo Abbot;* Smv., 190. pp. 59-6j, 
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brown variety, which in some specimenE merges into titanaugite. 
No basic plagiodase is found in these rocks, but albite, some of 
which is primary, usually up nearly the whole of the feldspar 

present. An aplitk mo^cation of the aJbite-dolerites is not nn< 
common. It occurs in veins and segregations, and consists essentially 
of microperthitic feldspars. 

The minverites are feebly developed in Devonsbirie, but are 
the dominant intrusive types in Cornwall, both in the neighbour¬ 
hood of Plymouth and in the Padstow district. At the latter locality 
they form sills np to 70 feet in thickness. The type-specimens 
come from the Rock Quarry, St. Miiiver> on the Camel Estuary. In 
these rocks barkevildtic amphibole is the dominant colottred 
mineral, though it is sometimes accompanied by olivine, titanaugite 
and broDzc-ooloured biotite. As in the lavas, the feldspar is chiefly 
albite, but some anorthodase occurs in addition. The texture varies 
considerably: some rock$ are coarsely ophitic; iu others there is a 
tendency towards idiomorphism of the dark minerals; while others 
again are compact, £ne-grained and resemble some camptonites. 

No fresh olivine has yet been found in the basic intrusions, but 
serpentinons pseudomorphs, embedded in the pyroxene, are not 
uncommon in the dolerites. By increase in the amount of olivine, at 
the expense of the feldspar, there is a gradation to picrites, a few of 
which occur in this cyde. Teall has described the augite-picrite of 
Menheniot {Clicker Tor). Typical homblende-picrite is found at 
MoLenick in the Plymouth district, while augite-picrite occurs at 
Higbweek in the Newton Abbot district. 

Each of these intrusive types strongly resembles the contem¬ 
poraneous rocks in the continuation of the province in Central 
Europe. 


THE OLD RED SANDSTONE LAVAS 

Igneous activity during the Devonian Period was by no means 
restricted to the submarine eruptions that oocuired in the area now 
occupied by Devon and Cornwall: in northern Britain and north¬ 
western Irdand contemporary volcanoes poured out an enormous 
quantity of lava and ash of quite difierent types horn those described 
above, although of the same age. The Old Red Sandstone cyde is 
complete, comprising an extrusive phase, the dominant type being 
andesite; a phase of major (piutonic) mtnisioii, during which some 
of the largest granite masses in this country cam e into being; and a 
phase of minor intrusion, when porphyritic microdiorites were 
injected as dykes. 

The lavas were poured out fmm volcanoes of the central type 
located along lines of instability connoted with the Caledonian 
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earth-nioveitieDts* One series of ooces bordered the Midland Valley 
of Sootland on the northp and extended across into Ireland. Another 
series bordered it on the south (Fi^. 14^)» Relics of the outpourings 
from the foimet ooctir in the Ocim and Sldlaw Hllisi and the Lome 
district of Argyllsliiref including Ben Nevis and Glencoei while 



FIG. 149 

Mip Qi the Old Red SaodstoDQ »nd Carbcnifer&Tia livaa uf the MiiUao d Vallijy 
of Scotl^d. tBasid a* mapi cfikt Swv^.) 


the latter are represented by the lavaSj, ashes and intrusions of the 
Pentland HlUsp the Braid Hills* the Cheviot HlUa (Fig. 142), 
and a smaU area in North Ayrshire.* 

The volcanic rocks rest upon an uneven eroded land stirfece con¬ 
sisting of schists in the South-West Highlands, and folded Sdurian 
rocks in the Cheviots and Central Lowlands. Locally basal con- 

» MicGregtif, A, G.* m "’Ceokigy ef N. Ayrshire/' Sm.. laj*. 
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giomerates and br&cdas are intercalated, which are of interest inas¬ 
much as they contain pebbles of lava, thus proving the existence of 
even earlier flow$. The basal sediments have yielded fragmentary 
plant remains {Psiiopkyion and Pachythica devonicap in Lome and 
Glencoe^ which have satisfactorily proved the age of the overl3dng 
volcanic rocks as Lower Old Red Sandstonep Furtherp they are 
succeeded unconfoimably by Upper Old Red Sandstone in some 


localities. 

The lavas themselves are frequently brecdated (block-lavas) and 
in some cases can only with dl^ulty be distinguished from the 
Lnterbedded agglomerates. The proportion of pjrodasts to lavas is 
small, showing that the eniptiofis were not of a violently explosive 
type. It is probable that the lavas were in part laid down under sub¬ 
aerial conditions: the upper portions of the flows are frequently 
reddened, due to atmospheric weathering between one eniption and 
the next. Occasional shales and sandstones occur iuterbedded with 
the lavaSp and sand-filled ere vices and "sandstone dykes"' are 
characteristic. 

Although the stiooession has been the subject of careful study at 
many loc^ties, it is impossible to correlate individual flovra except 
over restricted areas, because the lavas erupted from neighbouring 
centres differ in composition, although the volcanoes were so close 
to one another that their products interdigitate. The dominant type 
of lava is a basic andesite (verging on basalt}, and this is inter- 
bedded with rhyolitep tTach5rte and basalt. The succession estab¬ 
lished at Glencoe may be regarded as typical. This comprises the 
following: 




Feet 

7. Andesites and rhyolites 

, , about 

300 

6. Shales and grits . ^ + 


50 

5, Rhyolite ^ * 


150 

4. Hornblende^andcsites 

■ ■■ 1 i 

900 

3, Agglomerate and shale 

- » pi 


Rhyolites . * . . . 

■ * ip 

45* 

i, Augite-andesites .... 


IJOO 


The more basic of the lavas contain small red pseudomorphs after 
olivine, and bear a close resemblarLce to Marker's "Mugeary type'" of 
basalt. In others the oUvine is less abundant and is accompanied by 
pale green augitc. In the typical augite-andesites only the latter 
occurs as phenocrysts* Basalts and basic andesites with phenocrysts 
of feldspar are uncommon in the west (Glenooe and Ben Nevis), but 
a very distinctive type occurs near the top of the succession in the 
Pentlands. This ro^ is distinguished as the "Camethy porphyry/* 
^ **Oto\ogY of Ben ajid Cl^ Cial. Svftt., 1916, 89. 
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and is parttculajly rich in flnxionaliy antingrf^ phenocrysts of 
ptagioclase. One of the basic lavas in Glene™ contains the rare red 
variety of epidote, withamite. occurring as blood-red crystals in 
druses. 

The less basic lavas mclude enstatite-^ homblende- and mica- 
andesites. In addition to the phenocrysts of coloured minerals^ these 
andesites are rich in porphyritic fd^pars, ranging in composition 
from andesioe to labradorite. The Cheviot lavas* total some itoo 
feet in thickness, and include dominant angite-hypersthene-ande- 
sites, glassy andesites^ trachyandesites and curious typ« termed by 
the Survey CHficers "oligcxdase-trachytes/' 

In diemical composition the lavas noted above are evidently 
closely related to the intrusive angite-diorites, kentallenites and 
monzonites belonging to the subsequent plutonlc phase. Some of the 
lavas are ridi in orthodase, particularly oertain flows from Lome* 
and consequently are to be regarded as trachybasalts or trachyande¬ 
sites* according to their degree of ba^idty. 

The dadtes connect the acid lavas with the hornblende- and 
mica-andesites* from which they differ chiefly in the occurrence of 
numerous phenocrysts of quartz. They are so dosdy simUar in 
appearance to many of the rhyolites, that in some districts the two 
types of rock have not been differentiated in the field. 

The rhyolites are diemioJly related to the juo&t add granites 
and microgranites of the succeeding phases, but vary considerably 
in tesrhire among theitisdvcs. Some show beautiful flow-texture* 
others are cryptocrystalline through devitrification of an originally 
glassy rock* while many are spherulitic. The phenocrysts include 
albite, orthodase, biotite and quartz. It b usually the case that the 
more add andesites grade into rhyolites, but in the Pentland HUb 
they are associated with potasde trachytes* 

THE OLD RED SANDSTONE MAJOR INTRUSIONS 

Reference has already been made to the general characters of the 
post-Lower Old Red Sandstone major intnisives. They range in 
composition from thoroughly acid granites to thoroughly basic 
rocks rich in olivine* while locally feldspar-free ultrabasic types 
occur. Outcrops of add rocks are far more extensive than those of 
intermediate and basic composition, and in volume, the former are 
in large excess over the latter* the magma. ^ represented by 
the plutonic rocks, was essentially add. Dir^ect evid^ce of the age 
of these intrusions b sometimes forthcomiag. Thus on Ben Nevis* in 

• R. G. and otbeo. ot the Cheviot HiIK*' Mfm. Geoi. 

193^, p. S. t 
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Glencoe and the Cheviot Hills, the granites cut the Old Red Sand¬ 
stone lavas, and must therefore be younger than the latter. In other 
cascsp however, such direct evidence is wanting, and the age of 
many of the granite masses in the Highlands is therefore largely a 
matter of speculation. In many cases it ls not possible to make a 
more precise statement than "'post-Siltirian, pre-Middle Old Red 
Sandstone/* Facts of general interest in connection with the Old 
Red Sandstone major intrasiom are: their large siie; their coni' 
posite nature* the occurrence of satellitic intrusions of basic to ultra- 
basic composition; and the sharp, regular character of the highly 
indbied junctions with the country-rock. 

In these several particulars, the intrusions differ iiom the so-called 
"'Older Gramtes'^ of Scotland. 

With regard to the form of the major intru^onSp it is dear that 
many are true bosses as defined on p. 157. The outcrops are in many 
cases roughly circular, and the i^ntacts are steeply indinedp while 
the manner in which they cut across the bedding and foliation 
planes of the country-rock is strikingly shown on the geological 
maps. On account of the marked similarity of composition between 
rocks of this age over very extended areaSp it may be suspected that 
they are connected undergroundp and that the bosses are cupolas 
rising from the tops of a bathoUth. The intrusions occurriiig at Ben 
Nevis and Glencoe are of rather special interest as they bear evidenoe 
of an unusual method of rntrusion. 

The granites of Glencoe form a part of one of the greatest intrusive 
masses in Scotlandp known as the Etive Complex^ (Fig. 141). The 
earliest and main portion of this complex is the Moor of Raiinodi 
granite: this is cut by the Ben Cruachan granite, and the latter 
again by the Starav Imks. The evidence seems dear that the dyke- 
phasep to be referred to below, supervened between the injection of 
the Cruachan and Starav masses. We thus have an interesting case 
of one granite boss penetrating another of somewhat earlier dale. It 
is believed that the second injection was consequent upon the down- 
faulting of a cylindrical plug of country-rock (in thb case the 
Cruachan granite). It has already been shown (p, 155) that ^Hndricai 
or conical fractures may be produced above the top of an advancing 
plug of magma. In at least three cases in the area under considera- 
tkiTip such fracturing was followed by collapse or foundering into the 
magma underlying the tract stirmunded by the fault* Such pheno¬ 
mena have been termed caul^n subsidences.^ In Glencoe and on 
Ben Nevis the lavas ofwe their preservation to such '"pbton-faulting'* 
(Fig. 71). In the latter localityp the igneous massif consists of three 

* Anderson. J. G. ‘""The Etive Complex;*'' 0 ./.G.S., xciii {19^7). P- 4®7- 

1 Cluugli.C. T. Maufe. H, B,, Bulfy. E. B..fl./.S.S.p ixv ^909}.^. OHIh 
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approximately concentric ^nes: the ontef granite^ the inneT granite 
and, in the centre, the outcrop, roughly circular in shape, of the 
lavas resting upon a floor of schist. As in the Etive Complex the 



dyke-phase intervened between the injectioo of the outer the 
inner granites. In the light of the clear evidence obtained at Gleu^. 
it is at least probable that cauldroa subsidenoe o| 3 erated on three 
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occasloDS at Ben Nevis, while the outer gr^ite itself consists of 
three fractions forming arcuate outcrops.* 

With regard to the petrography of the major intrusions it should 
be noted that the dominajit types are adamellites and granodio- 
rites„^ Lt,, a large proportion of the feldspar consists of acid plagio- 
dasc, which is typically oligodase. LcK^ly the rodes grade into 
tonalite and qnartz-monzonite (Banal type). The larger intrusions 
are too numerous to be described in detail, but the Etive Complex 
may be regarded a$ tj^ical The e^liest member of the main com¬ 
plex is the most basic: the Moor of Rannoch rock is essentially 
granodiorite, consisting of nUcroperthite, oligoclase, quarbi, horn¬ 
blende and biotite, while sphene is a prominent accessory. The 
marginal 20ne is more acid, being free from hornblende, and is 
characterized by a porphyritic texture. The Cruachan granite is in 
the main an ad^ellite, containing cryptoperthite, zoned pbgio- 
clase and quartz. The dominant coloured constituent is green hor- 
blende, but this is aocompanied by biotite* either intergrown with, 
or moulded upon the amphibole. The Starav granite is stUl more 
acid, and coloured minerals are less abundant, though the two 
feldspars are still present in approximately equal proportions, the 
rock being an adamellite. More add still is a high level modiheation 
of the Cruachan mass, in which the coloured mineral (biotite) is 
very subordinate^ the rcxdc consisting of quartz and alkali-feldspars 
(chiefiy perthites). Leucogranite of this type seems to be widely 
distributed among the "'Newer Intrusives/' 

The Cheviot granit# [Fig, 142) is a partly unroofed laccolith, the 
exposed area being 2z square miles. It is noteworthy on account of 
the modiheation it has undergone through assunUation of the 
country rock. The normal rock is a pink micrqgraphic granite defi* 
dent in coloured minerals; but in places, particularly where the 
magma has penetrated lU~par-iU into the suxTounding lavas, it is 
highly contajalnated, of dioritio aspect and locally contains augitCn 
In the granophyric type biotite is the only coloured silicate; but 
in the margin^ fades biotite is accompanied by pyroxene, both 
diopsidic augite and hypersthene being present; quartz may amount 
to a few per cent only, and may be absent. Thus these marginal 
rocks are, in fact, not granites at all, but monzonites and diorites, 

* Atidfsrwi, LG. C., Marginal IntnisiciLS ol Bea Nevis/' TroMs. GkI. 

Sac., Gtasgmitf., xix p. ^15. 

* rtt student ahDuU note Uiat in the "Geology of Ben Nevia aud GIbuccw/' 
M*m. Gcd. Svrv,, (916, the Tpck-oanes arc not u^ed in exactlv the same sen&c 
as m this teict-Imk. 

3 Camithera, R. G uid Others. "Geology ot the Chevint 

ip-ja, p. S7, Thomas. H, in "GeoSogy of the Cheviot HitU/^ 

I9J1, p. 90; jtiegraa, A. G., "The Che vial Gtieite, etc./' QJ.G.S,. 
jccvui (194J). P- S 4 ». 
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whidi have obviously been derived, by contamination, fromgianitic 


Passing now to the consideration of the more basic intrusions, it 
is noteworthy that these form sm^U bosses, as a rule not far remov^ 
from the great granite intrusions described above. We shall again 
largely restrict our attention to the South-West Highlands p where 
the age of the intrusions is not questioned. The chief type of inter¬ 
mediate, basic and nltrabasic rocks occurring in ArgyllsMre and the 
adjacent islandSp are shown in tabular form below. 


inS^rm^diais. 

Augite-diorits. 

Homblendc-augitc-dioiite. 

Monzoniter 

HomblendeHiiorite- 

Appinite. 


Eoiric. 

KentaUeoite. 

Hombkflde- 

gabbro. 


Ultrab^kn 

Augite-picrite^ 

Homblendite. 

Homblciide-peridotite, 


The dominant rock types are those in which pale green angite 
(diopside or maUcolite) is the chaiacteiistk coloured constituent: 
normal homblendc-syenitea and dioritcs are rare among the inter¬ 
mediate rocks ; but many of the meladiorites are rich in hornblende 
and have been turned "appinites."* With decreasing feldspM these 
rocks grade into homblendite, and with the incoming of olivine into 
hornblende-peridotite of the Cortlandt type. In Colonsay, one of 
the Hebrides adjacent to the mainland, a similar series of intrasioiis 
has been described by the Survey.' Direct evidence of the age of 
th-esc intrusions is wantiug, but on the ground of petaugrapMcal 
similarity they also arc referred to the Old Red Sandstone. Since^ 
in some casesp they are intrusive into breccia, or agglomerate it has 
been suggested that they mark the site of explosion-vents and are 
themselves yent-intnisions. 


THE LOWER OLD RED SANDSTONE DYKE-PHASE 

One of the most striking features of this i^eous cyde is the 
remarkably weD-developed dyke-phase which in general followed^ 
though to some extent it overlappedi the pintonic phase. The dyke- 
pha^ reaches its maximum development in western Argyllshire, 
where a regional tension acting in a N.W.-S-E. dire^ion gave rise 
to a series of dosely spaced parallel fractures^ up which the magma 
rose> thus forming the Etive swami of N^E.—S.W. dykes (F%i 
It will be noted that the dykes arc r^trict^ to a comparatively 
narrow belt of country very much elongated in the dir^tion of the 
dykes themselves* There can be Little doubt that this tract was 


^^Ben Nevis and Glencoe," ^ft*» Sun-, P 

•"Gffokigy at Colnnsay ud Gtai. Sun., 1911, pp- sSUjj, 
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located above the body of magmap the comparatively thin roof of 
wbiob would dctenulne the position of a bdt of weakness in the 
crust. The inagina o! this reservoir must have been dosely similar in 
oompositjon to the lavas poured out during the extrosive phasep 
since the dominant t3T>e among the dyke-™is is porphyritic micro- 
diorite togetber with non-poiphyritic types.* In the former rocks 
highly Ldiomoiphic crystals of hornblende and biotite, together with 
plagiodase ranging from o!%ocla$e to andeaine* occur as phenooysts. 
The same pale green auglte whkh characterizes the more basic 
plutonio Intrusions is occasionally found in the dykes^ and is some¬ 
times accompanied by orthorhombic pyroxene. In addition to the 
microdiorites more addp as well as more basic types are found. The 
former indude porphyritic mia:ogranite$, with phenooysts of 
quartz and alkali-feldspar^ set in a variable groundmass. The pro- 
portion of coloured minerals in these rocks is low^ and they are 
evidently dosely relate to the leucogranites^ being theinselves 
poipbyritic aplites rather than ^'undifierentiated'' rocks. Add dykes 
without phenocrysts and dehdent in dark minerals are not uncom¬ 
mon; it seems reasonable to regard them as apiltes complementary 
to the lamprophyres which also occur. The latter are of two different 
ages: some occurring as horizontal sheets are probably the earliest 
intrusions in the cycle, while others are dearly tneiribers of the 
Etive and Ben Nevis swarms. As might be expected^ the dominant 
types are rich in hornblende (hornblende-lamprophyres), sometimes 
with olivine in addition (olivine-horoblende-lamprophyres}> while 
mica-lamprophyres with' augite and olivine are hut feebly repre- 
sented. 

The dyke-phase in the Cheviot Hills includes two swarms differing 
slightly in age, but widely in trend. They freely cut the lavas* but 
few can be traced into the granite, which appears to be later than 
the maiority of the dykes. The chief type is almost identical with the 
dominant type of lava, being angite-hypersthene-microdiorite or 
andesite, according to grain-size. 

In condusion, the igneous rocks of Lower Old Red Sandstone age 
in this country may be regarded as an excellent example of an 
igneous cyde. The magma was essentkliy calc-alkaHne in fad^ ajid> 
although the three phases were distinct, the products are so dosely 
related in composition as to leave no room for doubt as to their 
ccmmon origin. The contrast between the Devonian igneous rocks of 
South-West England and the Old Red Sandstone igneous rocks of 
Scotland and the Borders is to be accounted for in part by the 
differences in ther conditions of outpouring (the former being sub¬ 
marine and the latter subaerial]* and in part by assodatiop with 
^ Teimed "inalcliite'' m the Ben auU Gkoue Memcir. 
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earth-movements of difierent kinds. On the one hand, the c^- 
alkaline character of the rocks is a result of the doee cotuiection 
between the Caledonian movements and the uprise of the ma^a 
that formed the Old Red Sandstone igneous rocks* On the other, the 
Devonian area was far removed from the parts affected by the 
Caledonian revolutkni: it was an area of subsidence, and in the 



opinion of some petrologists this leads to the development _ ^ 
albite-iich magma, giving rise to such rocks as albite-basalt (spilite) 
and albite-trachyte together with albite-dolerite.' 

The main igneous cyde ceased in Lower Old Red Sandstone tiniB, 
but in one or two localities there were feeble revivals of a^vity in 
Middle and Upper Old Red Sandstone times. The andesitic lava of 

' Denry and Flett, Ctol.Jl^ag.. 1911, p. 146 
















426 THE PETROLOGY OF THE IGNEOUS ROCKS 

Rhynie in AberdeaistLire is of the former age^ while in the Orknej's 
lavas and pyrodasts occur both in the Middle and the Upper O-R.S, 
In the region of the Orkneys^ north of the Scottish mainlandp an 
explosive eruption of great violent^ brought to a dose the period of 
folding and erosion that immediately preceded Upper Old Red 
Sandstone times. The products of the explosion were spread as a 
thick ash-band over a wide area, and this is succeeded by a flow of 
olivine-basalt in the island of Hoy. Later stiU. the rocks> up to and 
induding the Upper Old Red Sandstone^ were cut by numerous 
dykes which 'Torm a petrological group of remarkably interesting 
characters” that cannot be exactly matched anywhere else in 
Britain.* The dyke-meks include leucocratic types^ but the majority 
arc melanocratic and thoroughly basic. The most interesting of the 
former are bostonites that are very typical examples of their kind: 
normally highly feldspatbic, one of them contains the highest per¬ 
centage (nearly 11 per cent} of potash of ail British analysed rodcSp 
and coRsbts almost exclusively of orthodase. The melanocratic 
group includes three chief 15^^63: camptonites. three out of every 
four dykes falling in this category ; monchiquites^ to the extent of 
nearly a quarter of the whole number; and a few intrusive olivine- 
basalts. The camptonites may be regarded as the central type. They 
contain small olivines, augite is universal and is a zoned variety^ 
with green (perhaps chrome-diop^ide) cores^ surrounded by mantles 
of titanaugite. A third mafle component is basaltic hornblende. 
With the incoming of porphyritk plagiodase and the elimination of 
the basaltic hornblende the camptonites grade into the basalts; 
while In the opposite direction,, with the elimination of feldspaCj 
they pass into monchiquites. In these the two essential constituents 
are oQvine and augite, the latter making up two-tMrds of the rock^ 
embedded in brown glass, not in analcite^ which, however, occurs in 
steam cavities and ocdJl. Nepbeline may occur as small crystals in 
the groundmass or as micropDikditic patches. FinaJly, some varieties 
are ri<di in megascopic biotite and approach dosdy to alndite. Com¬ 
parison of the available analyses shows a fairly dose correspondence 
between these monchiquites of the Orkney's and nepheline-basalts, 
suggesting that the former are the dyke-equivalents of the latter: 
but the monchiquites arc rather poorer in alumina and alkalies, 
thus stressing their melanociatic character and tamprophyric facira. 

The age of these dykes is uncertain: they differ in type from the 
Old Red Sandstone dykes of other parts of Scotland, and may be 
either Carboniferous^ Permian or Tertiary. In this connection it is 
significant that both c^ptonites and monchiquites ate recorded 

■ Ftett, Sir S., m "Geolcjgy of the Orlcneys," Mim. Gtoi. Sunr. ScoiloMd, 

m 3 * p- m- 
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from among the Pennian dyke-rocks of AyreWre, wbfle one of the 
Permian vent^agglomerates in the same area has yielded blocks of 
monchiqnite containing xenocrysts of MOrthoclase.^ At least one of 
the Orkney monchiquites also contains these xenocrysts^ 
which, taking into account the extreme rarity of such rocks, affords 
strong evidence that both occurrences are of the same age. t e., 
Permian. 

^ EyiH, V. Arp in "Gfloktgy &1 North A-yr^hife/^ Gflpf. Stm^- SciMamd, 


CHAPTER II 


CARBONIFEROUS TO TERTIARY IGNEOUS 
ACTIVITY 

CARBONIFEROUS 

During the Carboniietous Period Scotland was again the scene of 
widespi'ead and loDg-continued igneous activity^ In England con¬ 
temporaneous eruptions led to the accumulation of volcanic ash and 
lavas in Derbyshire and the We of Man; while in Devon and Corn¬ 
wall^ as we have already seen, the period of activity which com¬ 
menced in Middle Devonian times persisted into the early part of 
the sneoeeding period. In each of these localities the cycle was in¬ 
complete^ being limited to the extrusive phase and the phase of 
miiior intrusions. There are no plntonic rocks comparable in slie 
with the Caledonian and Old Red Sandstone bo$^ of granite. 

(1) SCOTLAND 

It is signiheant that the unstable area of the Midland Valley of 
ScotlaJtd was the site of most of the voloanoes of Lower Carboni- 
ferous age. The earliest eruptions occurred in the east, in the neigh¬ 
bourhood of North Berwickj andk ^ is usually the case, the lowest 
volcanic rock is a typical explosion-tuff. This is succeeded by a 
considerable thickness of basalt-flows, which, as a result of subse¬ 
quent movement, are inclined towards the west, in which direction 
the lavas become progres^vdy more add, indii^ting an increase in 
the acidity of the magma as time went on. Thus, in the Garleton 
Hills the basalts are succeeded by thick sheets of trachyte. Farther 
to the West, in Midlothianj lavas of the same age (Calciferous Sand¬ 
stone) occur as ouUiers^ as at Arthur's Seat, in Edinburgh, ivhere 
they rest on the Cementstone Group; and on the north bank of the 
Firth of Forth between Burntisland and Kirkcaldy. In the latter 
localities the eruptions were slightly later in date, belonging to the 
higher part of the Calciferous San^tone, and extending up to the 
base of the Carboniferous Limestone. Still farther west, extensive 
outcrops of CarboniJeious igneous rocks occur which are mare relics 
of a widespread plateau of basalt. This is the Clyde Plateau of 
A. GeOcie, and judgiz^ from existing outcrops, it must have once 
stretched continuously from Arran in the wst to Stirling in the 
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East, and from the Highland Border southwards well into Ay^ire. 

A moderate estimate of the original area of the Clyde basalt-plateau 
is 2500 square miks. In the Glasgow district the lavas form the 
terraced slopes of the Campsie Fells in the north, the escarpments of 
the Kilpatrick Hills in the north-west, and the Cathkin Hills m the 
south. Petrographically these basalts are of the same types as those 
of the more easterly areas. Several volcanic necks, some of con¬ 
siderable size, have been located. It is probable that the stacks of 
North Berwick Law and the Bass Rock mark the sites of vents; 
while Arthur's Seat, in Edinburgh, is a composite vent. buUt parriy 
of agglomerate and partly of vent-intrusions, which are lithologic^y 
identical with the associated flows' (Figs. 61 and 6z). Such is the 
well-known Lion's Haunch (Intrusive) basalt. Vents ^e of 
common occurrence in the Qyde Plateau. Some are choked wjtb 
basalt, while others are filled with agglomerate, '^e vent known as 
Meikle Bin in the Glasgow district is important, since the associated 
intrusions include {intrusive) phonoUtic trachytes. 

In the eastern part of the Midland Valley the volcanoes soon 
hfra ui'- extinct; hut those occurring farther to the west jwrsisted 
for a much longer period, and new vents were established, indica^ 
a progressive migration of the centres of eruption to the west. Ibus 
in the Bathgate Hills, in the neighbourhood of Linlithgow and 
Bo'uess, eruptions, which commenced late in Cakiferous Sandstone 
times, persisted into the Lowfer Limestone Group of the so-c^cd 
Carboniferous Limestone of Scotland"; while at Bo’ness other fiovra 
are found in the Upper Limestone Group. This is al^ the ^sa ra^tfie 
Saline Hills north of the Forth. Still later in date, in the Limestone 
Coal Group and Uppr Limestone Group volcanic ashts ^ inter- 
stratified with the normal sediments at Dairy, North AyisJ^. 
Highly decomposed olivine-basalts chiefly of Dahneny (s^ 

p. 430) occur in the Biillstone Grit of the W«t of Scotland. In 
Ayishirei these vokanic rocks reach a maximum thi^ess of 
some 500 feet at Troon; they extend northwards to Str^a^. 
westwards into Arran, and possibly across into Ireland m me 
BallycasUe coalfield. Their highly decomposed condition is due 
to contemporaneous weathering effected largely by acid wartr 
formed by rotting of the luxurious vegetation which clothed t^ 
area at that time. The basalts in some cases have been converted 

into b^iixitic days. ^ i - 

A much more important reemdesceno! of activity took place m 


i Flett. I, S., Pros. Gtol. Astoe., xxv (lOi^l. PP- 
* FAkAneT 1 D Edm., vol. xlv (190^), 1, p- 

i d.V, wd lt»£Gr^r, A. O, In "Geology of North Aywlunf, 

Gtoi. Stuv.. 1930, pp. 306 and S 31 . 
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Ayrshire m late Carboniferoiis to early Permian times. The lavas 
belonging to this subsidiaiy oyole ocotcr in the Mauchline district, 
and are i^aracterized by being more dehniteLy alkaline in facies than 
the earlier rocks, since they include types with analcite and neph- 
eline,^ 

The only other important tract in Scotland where Igneous rocks 
oi Carboniferous age occur is near the Anglo-Scottish border^ in the 
Tweed Valley. In this case, alsOj the present outcrop i£ a mere 
fragment of a basalt plateau, which has disappeared under the 
influence of erodon. To the west of the prsent outcrop there are 
numerous plugs of basalt and agglomerate which probably also 
belong to the Caldferous Sandstone cycle. This is the case with the 
interesting intrusions in the Eildon Hills, near Melrose, referred to 
below. 

The Basic Lavae 

The Carboniferous lavas of Scotland have been e5fihaustively 
studied by Hatch, Watts, and latterly by Tyrrell* and A. G, Mac- 
Gr^r,’ and detailed classifications have been evolved^ based 
chiefly upon their mineralogical composition. The chajacleristlc 
mmeTals of the Lower Carboniferous basalts are plagioclase, ranging 
in composition from ohgoclase to bytownite, but labradorite is 
typical; a pale brown augite, occasionally with a tinge of mauve, 
though not with the full mauve tint of titanaugite; and olivine 
partly altered into serpentine or iddingsite. The accessories include 
orthodase, anaJdte, biotite, hornblende, ihncnite and apatite. The 
three essential minerals are present in widely varying proportions: 
each may be absent from a particular specimen, while in another it 
may be the dominant constituent. In general there are tivo parallel 
series characterized by large (mega-) and small (micrO'] phenociysts 
respectively. 

I. BASACrS WITU 

MEoamatiDc rysts, 

(a) Dunsapi€ type (Flett), with 
nmfiy large phenociysts of plagio- 
dase, augite and olivinep set in a 
fine-grained groundmass which may 
contain a little inteiatitiaJ gia^, 
analcite, chlarophaeite, etc. 

■ Tyrrell. G, W,, Ceol. pp. 69-So and 

* TyrrelJ, G, W Gk) 1. Sos. ( 19 nV pp. 2 19-57.^ 

1 "Cliaaificatwii of tho Scqtti^ CatbonlleTeua Olivine-Basalts, etc.," Temt. 
Giof. , nviU p, 3^4; and ''Plnblenus CajiMjaiferouir- 

Penniaa volcankity in SooUand" g./.G.S., civ (194B), p. 133. 


3. Basalis with 
M tcaopHE nocrysts. 

(d) DaJifieity type, with tujmer^ 
0U3 micxcphenaciysts of obvine^ 
fewer augitca and sporadic labra¬ 
dorite. 
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1 . Basalts wtth 

MESApaESOCiivsTS- 

(b) Craiglackkart type {Hatch), 
with large phenocrysts oi olivine 
and aiigitc, but dORC of plagioclase- 

(c) Markle type (Hatch) really 
falls id a category of its own, as the 
only large phenocrysts are plagio- 
clase (labradorite id the type^noek) 
associated with small olivines. 


(d) Kilsyth fype (Watts) is now 
regarded as a variety of Marltlc 
basalt with ophitic gmundniass. 


2 . Basalts with 
MichOPHENocrvsts. {»*fJ.) 

{b) Hiliktmse type (Elott) with 
.mall oliviaes and usually fewer 
augites in a strongly augitic 
groundmasa, sometinies partly 
glassy. 

(e) type (Harker) la 

an oligoclase-basalt with micro- 
phenocryats of plagioclaso. Oli¬ 
vine GcCdis in small crystals, and 
biotite and hornblende art ac¬ 
cessories. Augite variable in 
^ouot. 

(J) Jedburgh type (Watts) has 
small phenocrysts of labradorite 
and fewer small olivines. Angite 
restricted to groundmass. 


It should be noted that these type-names axe not restncted to 
kva-flows. but are applied also to small intiusive masses 
volcanic necks and sheets. Further, they represent arbitrarily 
chosen points in a fsontmuously vanable seriffi. 

Most of these types are widely distributed in tte Midland 
but there appears geneiaJly to be a greater deveki^ent of he 
more fddspathk types in the west than m the e^t. Thus, on the 
Little Cumbrae, the lavas arc of the Markle and Mugeapr types, 
while varieties richer in phenocrysts of coloured mineTals are 
stricted to the numerous basaltic plugs and north^t or e^t-north- 
east dykes. In Sonth Bute, however, the Markle, Mugea^, Jedburiji 
Dunsapie and Craiglockhart types are all represented among the 

The Permian lavas of the MauchUne district of Ayrshire tend to 
be more basic, and, at the same time, more alkaline than the Lower 
Carboniferous basalts. They were emitted from sixty or more smaU 
vents which are lined with the matenals forming the 
choked with agglomerate. The lavas arc largely obvine-ki^ts of 
the HiUhouse and Dalmeny types, but include * 

nepheline-basalts and limburgites. On the ot^ hand 
t>T)cs, trachytes, trachyandesites. etc., are absent from the Permian 

Uvas.^ 


1 Ttiti-U. G. W.. "Igneous Geobsy Curtbrae bland*." Trtus. G*o/. 

xviii, part tU 
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The Intermediate Layafl. 

The less bask rocksp which are restricted to the main Lower Car- 
boniferoxis cycle, are trachytes cf ^'arious kinds. Some of them 
contain accessory nepheline> and may conveniently be termed 
phonolitic trachytes. The mtnisions associated with these flows are 
of the same compo$ition and texture as the latter^ and in many 
cases it is Impossible to state definitely whether the rock is a flow or 
an intrusion. 

The phonolitic tjach3rtes consist essentially of sanidine^ with 
which is usually associated a tittle pla^ioclasep and a green and 
slightly pleochroic seda-augite, together w'ith some nephdine. Such 
rocks form the laccolith of Traprain Law^ the siU of Haky Craigs 
and the stocks of North Berwick Law and the Bass Rock^ The 
Traprain Law rock has recently been proved to contain a little 
sedate in addition to analcite and nepbelinep while the micro- 
syenite of the Bass Rock carries fayalite and nephelbe.^ In one case 
nepfaeline is sufficiently abundant to justify the use of the term 
phorLDhte, There is one expostire of this rode near Eintryp in the 
Campsie Fells, 

A. G. MacGregor has recently described the Caldferous Sandstone 
lavas and associated intrusions from the fringe of the Clyde Plateau 
in North Ayrshire, and remarks that the oocurrtnoe of phonolitic 
trachytes here, as in the Garleton Hills farther east, emphasizes the 
alkaline affinities of the whole province. In this region also there Is a 
unique nephelme-basanite in the same scries, while the nonnal suite 
ranging from basalt to trachyte goes farther, yielding rhyolites.* 

Trachytes are not uncommon In the centml part of the Campsie 
Fells, round the Meikle Bin vent, where they form small elongated 
plugs or short dyfces.^ Their state of preservatiem does not allow of 
detailed description, but it is claimed that there is here even a 
greater variety of tj-pes than Is to be fotmd among the trachytes of 
the Garleton Hills, East Lothian, Some contain "moss-like^^ pscudo- 
morphSp which may well have been riebecklte originally. The latter 
mineral is fotind in the trachytes that occur as intrusions in the 
EUdon Hills. In some of the trachytes there is accessory quart^^ In 
others large phenoay'sts of sanidffie are pronunent, as at Pepper- 
craig: these are perhaps best developed in certain rocks that are 
evidently links connecting the basalts with the true trachyte$j i.ff.i 
they are trachybasalts (of the Banak type), resembling closely the 
Yellowstone Park tj'pe-rockp in that plagioclase as basic as labra- 

■ Campbell, R,, Tfaiw. Edin, Cfni. Soc.. xlii (1933]!, p. 126, 

^ "Gefliogy pf North Ayrshire/'' Mrtn. Sim?., p, &gi. 

I Bailey, E. B., in "Geology ol Glasg^ow Diatrict/* and Edn., Mm*- Cffoi. 
Svrv., 1925. p. iflj. 
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doiite is associated with much sanidine* The latter occurs as a peri¬ 
pheral zone round the fonaer in the groundmass. and locally as 
phenocrj-sts two inches in diameter, endosing smaller plagiodase 
crystals. 

The Intrusions. 

As noted above, there are no plutouk intrusions belonging to this 
cydc, but the occurrence of uitrabasic plutonic rocks among the 
constituents of the agglomerates filling the vents and as numerous 
xenoliths in the basic lavas, points to the deep^eated presmce of 
intrusions of such rocks as dunite, augite-peridotite, pyroxcmte and 
biotitite, none of which has as yet been exposed by denudation. 

Minor intrusions arc, however, numerous and vaned in composi¬ 
tion and habit. It has been pointed out that the main eruptions were 
followed by a revival of activity at three later peri^: in the 
boniferous Limestone, in the MDlstone Grit, and in the Permian. 
This makes it difficult to assign a definite age to any particular 
intnision, and the precision that was posable in the case of the Old 
Red Sandstone cycle is here impossible. There is no dearly defin^ 
dyke-phase restricted to a relatively short interval of time; on the 
oontrary the injection of the minor intrusions was spread over the 
whole of the cyde; the sills that are petrologically similar to the 
lavas with which they are interbedded were probably contem- 
poianeous with these flows^the vent-intrasions and plugs certainly 
were. There can be Uttle doubt that the trachytic plugs and other 
intrusiona in the Midland VaUey and in the EQdon HQls were con¬ 
temporaneous with the tipper lavas, of Cementstone age, in flic 
Garleton Hills. Although the minor intrusions in the eastern part of 
the Midland Valley do not occur at higher horizons than the Car¬ 
boniferous Limestone, in the western part of this tract they range as 
high as the red (?) Permian Sandstones in Aj^hire. In mineral 
composition these intrusions are dearly related to the Mauehline 
lavas, and were injected at a period somewhat later tbun the 
trusion of the Permian lavas. They occur in the form of sills reachi^ 
200 feet in thickness; and although they have a moderately wide 
range of composition, they are evidently co-magmatic and consist of 
different proportions of the following minerals; divine, tit^augite, 
labradorite, ilmenite and analcitc, with nephelinc, barkevikite and 
other minerals as accessories. The occurrence of primary ^alcite in 
many of these intrusions has been satisfactorily established. Its 
presence in the magma undoubtedly decreased its viscosity, and 
hence aUowed an unusual degree of differentiation, which is demon¬ 
strated by the stratiform nature of many of the larger intrusions. 
No intrusion in this cyde shows this more dearly than the Lugar SUl 
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in AjTshire,^ which includes some half-dozen distinct rock-typ^p 
Crg^, aualdte-gabbro, nepheUne-gabbro [ther^te)* picrite, peridotite 
and lugarite. 

Two series have been distinguished among these minor iutnisionsp 
one chajacterized by the presence of anatdte and the other by the 
presence of nepheline. The former series include analcite-^enitep 
a tjpical example oceurring at Howford Bridge, Ayrshire, analdte- 
gabbros and analcite-dolerites (teschenite and crinaniie}> The most 
distinctive members of the second group are theiahte and Ingarite, 
There are intejrmcdiate types, oontaining both analdte and nepheline, 
such as the well-known essexites of Crawfordjohn and Lemioxtown. 
localized ifitrusions of basic lamprophyric rocks including cam- 
tonites and monchiquites occur in or near the Ayrdiire vents:* 

The most typical and the most widespread of these rock-types is 
teschenite, which is common in the Glasgow district^ in A}nshire, in 
East Lothian and Fifeshire. Augite-picrite is frequently assodat^ 
with the teschenites, of which it is an ultrabasic differentiate. This 
is the case^ for example^ in the Inchcolm sill which forms an island 
in the Firth of Forth.^ Tj-pical teschenite forms the Salisbury Craigs 
Sill on the outskirts of Edbiburgh* and part of GuHane Hill on the 
Forth. The most distinctive of these rodcs, so far as appearance in 
the band-specimen is concerned, are the essexites, by reason of the 
large number of euhedral, porph^Titic titanangites they contain.* 
An oUviiie-rich variety, which is oorrespondingly poor in feldspar 
and thus intermediate between the essexites and picrites* occurs at 
Benbeoeb and elsewhere in Ayrshire^i and has been termed "kylitc^'^ 

The latest intrusions of the Cai-boniferous cycle are east-^west 
dykes and some sills of quartz-dolerite and tholeiite* which cut, and 
are therefore later than, all the other intrusions. Petrogtaphically 
they are unrelated to the earlier intrusions described above, and 
they bear no relation to the centres of Carboniferous volcanidty. 
They are, however, closely connected with the folding and faulting 
of bte-Carboniferous times. They occur chieBy in the Midland 
Valley^ and have been studied in the Kilsyth-Croy area, in the 
Bathgate Hills and in the neighbourhood of Stirling. Southwards 
they extend into noithem England, and include the Hett dyke in 
Durham and the famous Whin Siil .5 Tn these rocks a pale brown 
monodin ic augite takes the place of the titanaugite of the teschenites 

i TyrrDU, G, W., TraHif. Soc, C^gon.\ xxi (1^48)4, p. 

* TyrftlL G, TranJ. Getil, Sttf, Gtaiginv, iviii, part ii (1937-38], P- 

I C&mpbcEb StenliOiliKi A. O.^ TroMs. Gmf. S<^C^. ,, bt ( 1 9^7^ 

pp. iai -34 

* Scott. A., Gtot. Mdf., 1915. pp. 455“ti. 313-19. , 

I Holmes, A. and HaxiftKHl, H, Fr+ '"Age amd CowppditijQii of tbe Whin SiU,' 
AftK. 1938, pp. 493-543. 
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and associated rocks: it is often accompanied by orthorhombic 
pyroxene (not by olivine) and sometimes by pigeomte. feldsi^ 
is a medium labradoritc. The quartz occurs in patche of interstitial 
micTopegmatite. A good example of quartz-dolerite is furnished by 
the sill at Eatho, eight miies east of Edinburgh, while an even more 
quartiose type occurs at Bowden HiU. I^lithgomhire, At ^eu 
maigins these intrusions pass into fine-grained basalts of much the 
same composition, termed tholeiites, and are of plateau-basalt 
magma^type." 


no. 143 

Skfjtcb-mao %hov\jig Cirboniffrtoiis vqkMw: [b^k] and 

dykes in SootSSmi and Uortb England- dykes «cur in the twu 
^nly a few ol the dyk« are slwwii. 
by J>t, F, WaJhtT and Prof. A. Holmef.} 


( 2 ) ENGLAND 

The most extensive tracts of Carboniferous lavas in England 
in Devon and CornwaU, where the rocks form a direct continuation 
of the Devonian cycle, so that no further description a necessary. 
Emphasis may, however, be laid upon the fact that there is ve^ 
little in common between the lavas and intrusions of this and the 
Scottish region, except in a general sense: both senra are essentiaUy 
basic in composition; but in the case of the SmUi^ rocks pnm^ 
differentiation had not removed the composition of the magma far 
from that of average basalt, although the tendency to l^te t^ 
wards the "alkali pole" becomes noticeable towards the close ol tne 


I WaLkn, F., "PaUeoioic Quarti-Dcleritie* . . (roJSl 

P- 13L 
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cyde. On the other handp the magma that gave rise to the spllites 
of the Devonian-Carboniferous cycle of Sonth'West England was 
much more definitely alkaline at the commenoemcnt of the cydCp 
and this character persisted throughout the cyde, with little appre¬ 
ciable alteration xn the composition of the magma. 

In Derhysliire igneous rocks of Lofwer Carboniferous age occur in 
the Dihunophyllum zone in the neighbourhood of Matlock, Miller's 
Dale and Tissington. The lavas indude basalts of two different 
kinds. Sheets of normal olivine-basalt occur in multiple fiow^ with 
more alkaline types.^ In the latter the dominant fddspar is oUgo- 
dasCp together with some ortbodase, while augite is usually sub¬ 
ordinate to olivine. These lavas arc therefore ohgodase-basalts 
approximating in mineral composition to the JJugeary' type of 
Harker, They occur, as do the ''mogearites” of the Midland Valley 
of Scotlandp in dose assodation with normal olivine-labradorite- 
basalts, and may possibly be regarded as an alkaline scum drawn off 
from the top part of a hasalt-filied magma-basin^ 

The lavas are assodated with adies and numerous siEs of olivine- 
dolerite, and were presumably erupted from central volcanoeSp since 
agglomerate-filled necks have been found in their vicinity. Locally 
the igneous rocks are termed '*toadstone.*' 

In the Isle of Man around Castletown the highest rocks referred 
to the Lower Carboniferous are porphyritic olivine-basalts, tuffs 
and agglomerates. 

In northern Somerset a feeble development of basic lavas and 
associated intrusions is found in the neighbourhood of Weston- 
super-Mare. As in Derbyshire, the lavas occur high up tn the Car¬ 
boniferous Limestone, and are interbedded with, normal marine 
sedirrtents. They bear some resemblance to the spilites of Devon and 
CorpwaU, but their state of preservation leaves much to be desirei 

In the English Midlands basalts are associated with Carboniferous 
Lirnestone in the neighbourhood of Little Wenlock near the Wrekin* 
Shropshire, and with the Upper Carboniferous at Rowley Regis* 
Barrow HiU,^ Pouk Hill, Kinletj, and the Qee Hills, PetrologicaUy 
these rocks are closely similar, often eictremdy fine-grained analdte^ 
bearing olivine-basaitSp that is, analdte-basanites. Although some 
of these rocks are defeitely intrusive* others are just as dearly 
extrusive, s Thus the Titterstone Qee basalt is a sill; the Rowley 
Regis basalt h laooolitliic; the Barrow HiU mass is intrusive. Qn the 

* Sargeat* H. QJ.G^S., hotiii ^19 [8}, p. ai, 

I Marshall, C. E.* "The Barrmr Hill latnisiosp S. StaEs./' g./.G-S., ci 
(i^y, p, 177, 

1 R. W.. "Tlws Age ot the Midland Basalts/’ Q.J.G^S^, btxxvii 

p. 1: btit tomparc Marshal], C. "Fitsld Rclattans of the Rase Igneous Kbcka 
iMaciated with the Carboniferaus Strata/' g./.C.S., aicvii (1941], p. 
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other hand the Litde Wenloct basalt, which is finely exposed in 
quarries at Doscley, has been converted in its upper parts into a 
typical red bole, due to contemporaneous subaeiial weathering. 
Although much of the Etruria Marl in the Upper Coal Measures in 
the northeni Midlands superfidaUy resembles red bole, the sug¬ 
gestion that it was formed of weathered basaltic material hss not 
been generally aeocptedd but in certain fine-grained breodas m the 
Etruria Marl (the so-called espley beds) abundant shards of volcanic 
material may well indicate the reality of eruptioos at this time. 


THE ARMORICAN INTRUSIONS 
Just as the formation of the ‘‘Calcdonides'* was accompanied by 
the uprise of the "Newer Graiutes" and the intrusions assodated 
with them, so the birth of the Armorican or Hercynian chains (»in- 
cided with the emplacement of the granite masses of ^uth-West 
England and the deeply denuded mountain bdt stretching through 
"Armorica" into Spain. Five great laccoJiths or bosses and several 
smaller satellitic intrusions occur in Devon and Cornwall: the formw 
comprise the granites of Dartmoor (240 square miles), Bodmm 
Moor (or Brown WUly) {75 square miles),* St. Austell (33 squMe 
miles). Falmouth (or Cam Meuellis) (50 square miles), and I^d s 
End (75 square miles); while the SciUy Isles represent the highest 
points of a sixth large mass. The smaller intrusions include those of 
St. Michael’s Mount. Godolphin. Cam Brea and Cam Marth. Be- 
lovely Beacon, Kit Down and Kingston Down. To what extent these 
apparently isolated outcrops are connected underground is im- 
known ■ but there is no doubt that the intervening stretches of kiUas 
arc in sortie merely roof-^peitdants^ and that further luirooni^ 
will extend the area of granite and diminish that of the ooun^-rock 
The granites occupy a belt of cmmtry having a Caledouoid trend; 
but they are individually associated with Armorican axes of uplift, 
and were injected into the crust near a Hue of weakncM bord^g 
the ocean.* This weak tract not only deterged the positioiK of the 
Armoricari intrusions, but also the location of the DevonLan-Car- 
boniferous igneuus and probably also of the Permit Exeter 

lavas {p. 442). The Armorican granites of thb countiy are important 
not only from a petrol<]gicai*^ but also from an economic point of 
view, because their intrusion was accompanied by a penod of 
mineral emanation, when lodes were formed containing ores of tm. 


> Roberteon. T., "Thr Oripa the Etniiia Mail." fiJ.C.S.. 

» Ghmli, P. K., JWi«. Mag., tob (i9«7), P- 
1 Dwy, H. Pm. GicL Aim., rom P- 



resulted in the very valuable deposits of china-stone and cbina-day 
rock lor which pa^ of Comwall are famous. The Aituoricaji com- 
plejEes have been subjected within recent years to detailed examina- 
tiJUj and Dr. A. Brammall's papers on the Dartmoor granite convey 
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copper^ lead^ zinCi iron^ molybdeotnu and arsenic. To the same 
period belongs the intense local alteration of the granites which 


KO. 

stnictuml map of Devon and Cormnll Bhowiag the Annorlcui gmnltic cempleuB. (jlfttr Mill HindricJii,\ 
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the results of years of intensive study.' Their importance m the 
study of petrogenesia has been referred to above. 

Such evidence as has been coUected with reference to the form of 
the intrusions suggests a laccolithic rather than a ba^oUthic habi^ 
the fact that the granites appear to dip gently under the ^terw 
sediments into which they were intruded iniplies a domed roof; 
while in some cases, for example Dartmoor, a stratdorm arrange¬ 
ment of the various intrusions that make up the mass suggests a 
shect-lDce form. There is, however, little evidence as to the nature 
of the floor of the intrusions, and the petr<^raphica] simurnty 
between the several granites is so pronounced that community ot 
origin is undoubted, while the differences may well be due in part to 
varying depths to which they have been denuded. 

It is evident that, like the Caledonian granites, those of Armonc^ 
age are composite intrusions. Recent work on the Dartmoor pamte 
has shown that the mass consists of three chief members w-hicb were, 
as usual, intruded in the order of decreasing basiaty.- The earliest 
intrusion was basic in composition, and is repres^ted by nu^rous 
inclusions, some of large sise, in the later intrusions. Next, the 
called "giant granite” was injected under a roof of kdlas, basic 
lavas, etc., and was later split into two or more sheets by a s^c- 
what more acid "blue granite,” which is a valuable bud^pstone. 
Minor intrusions in the form of narrow dykes, veins and thicker sihs 
are common in both of the main intrusions. They are of granitic com- 
positkm, but in some cases show wide variation from the mam ty^ 

The so-called "giant granite” is very coarse in teppe, and nch 
in exceptionally large feldspar phenocrysts, which soroetin^ 
measure 7 by 5 inches and consbt of coarse microperthite. ^ the 
grouDdmasSp micropeTthitic orthoclasti is ass^ociated ydi su 
plagiodase ranging from albite to oligoclase. The do^nant coloured 
mineral is biotite, with whkh b associated a subordmate amount of 
muscovite. Accessories are very variable, and in addition to tboM ot 
nortdaj occurrenoe in granites^ such as siircon, maguctite apa i 
include others of pneumatoljrtic origin p namely, tourmalinep topaz, 
anatase and brookite, as wdl as minerals resulting frem^^ation 
of country rock by the granite. Among these are abund^t alimn- 
dine garnet together with cordierite, andalurite, siihmanite, corun¬ 
dum and spinel. The "hlue gianite." which was uitreded beneath 
the "giant granite," and was thereby protected from oonta^ation 
by aSimilation, b praoticahy free from these highly alummous 
accessories. 

' S« pufticularly "Tbe IHitaioor G»nitf-"5./.C-S„ l***viii <1<}3*}.P- 1''* 

H, K.. PP- . 


440 THE PETROLOGY OF THE IGNEOUS ROCKS 

The minor intrusions connected ifrith the granites indude basic 
as well as' aplitic and pegmatitic '"diderentiates"* of the main types. 
One of these, the Bittleford pegmatite on Dartmoor, contains a 
small amount of gold and silver of pyrogenetic origm. Of equally 
wide distnbution are the many dykes of microgranite (some of them 
porphyritic)* known to the miners as "elvans^'^ 

The dykes in Cornwall are stated to be arranged radially to the 
granite bosses, but locaUy there is a pronounced paiallelism in their 
trend. Very few are found in the granites themselves: most occur in 
the synclinal tracts between the anticlines into which the granite 
w^ere intruded; but there is reason to beheve that the plutonic rock 
lies at no great distance beneath the surface in the areas where the 
dykes are concentmted 

The most widely distributed type of dyke-rock is a strongly por- 
phyntic variety containing numerous feldspar phenocrysts up to 
one inch in length, together with bipytamidal quartzes and hexa¬ 
gonal biotites.^ In the el vans associated with the St, Austell granite, 
porph3rritic muscovite is not uncommoii, while topaz, although 
widely distributed as an accessory, is especially characteristic of the 
intrusions near the Landes End mass. The dykes have suflered the 
same pneumatolytic modifications as the parent intrusions: they are 
often found to have been tourmalinized and kaolinized—in some 
cases tourmaline is the dominant coloured ooustituent. 

The St« Austell granite is economically the most important of the 
Armorican granites. Having sujffered more severely from the effects 
of pneumatolysis than any of the others, its deposits of china-day 
rock and china-stone are more extensive, although they are not 
absent from the other masses; while veins of greisen and schorl-rock 
are common. The active agents which effected the alteration of 
the granite rose along vertical or highly inclined joints in the granite. 

The metaUiferDus lodes occupy a broad belt of country embracing 
the northem half of the Land's End mass, the JRedruth-Tmro dis¬ 
trict north of the Cam Menellis mass, the St. Austell granite^ the 
southern part of the Bodmin Itfoor intrusion, and terminates against 
the Daitmoor granite in the neighbourhood of Tavistock. Within 
this belt the dominant direction of the lodes is north-east to south¬ 
west j but south of Bodmin Moor it is north:--south, and in the extreme 
east of the belt nearly east-west. The most important tin-mining 
area at the present time is that lying on the north-west side of the 
Cam Brea granite. From the petrological point of view* some of the 
most interesting of the metalliferous deposits are the wolfram- 
pegmatites, which are of veiy coarse grain, and are typically 
developed near Buttem Hid to the north of the Bodmin Moor 
- “ Land a E^d Diitoct/' Mem. Csd. Swtrvr^ (907, pp. 
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gramte. Here microdine crystals up to tiiree indies in l^gth are 
mtergrown with wdfran and quartz^ while other constituents are 
apatite and tourmaline. These pegmatites often pass into veins of 
wolfram and quam. and finally into pure quarUrroek. A detailed 
consideration of the genesis of the ores is outside the scope of this 
book, hut it is interesting to note that a zonary distribution of the 
several ores, dependent on the temperatures of their formation^ has 
been demonstrated.^ 

The relation of the Artnorican granites to the Exeter lavas is an 
interesting question, and it is probably identic^ with that con¬ 
necting the Caledonian intrusions of Scotland with the Lower Old 
Red Sandstone lavas. Both series of lavas were e;xtruded under sub¬ 
aerial. desert conditions; both rest upon an eroded land-surface 
front which they are locally separated by a small thickness of coarse 
arenaceous deposits^ both were preceded by a period of plutcnic 
injection. 

In the Channel Islands granites are magnificently eiqposed in cliff 
sections, particularly in Jersey and Sark. In Jersey^ the plutcnic 
rocks include a wide range of types, red-weathering alkaJi-graiute 
forming the north-western, south-western and south-eastern bast¬ 
ions. The north-western granite has stoped its way into earlier 
gabbroic sill-hke intrusionSi and is consequently crowded with 
xenolilhs in all stages of dissolution. Because of assimilation of some 
of this basic material the red granite,^ which is normally defideut in 
coloured minerals and of ieuoogranitic type^ is converted into a grey 
porphyritic rock, with clots and schlieren of hombleode and biotite^ 
The basic xenoliths arc now of dioritic (often tonalitic) composition 
—consisting essentially of hornblende and plagloclase^ with quartz, 
orthoclase and biotite. Normally the origmal structure has been 
destroyed; but rarely small patches are seen to have survived, and 
thse consist of labradorite and titanaugite in opbitk relation^p* 
Therefore some of these Jersey diorites are amphibohtiMd (olivine-) 
gabbros. But in addition, dioritic rocks are widely develop^ in the 
north and south-east of the island, and include the same types 
of xenollths as the granites. These are magmstiic dsmto, though they 
may well have been produced from the same materials as the 
s&ffuiiic dioriUs, though more extensively, at some deeper-seated 
source, They include types with brown and green hornblendes 
varying in size between needle-hke crystals to stout prisms several 
inches in length, showing a preferred orientation and particularly 
striking in certain pegmatitic facies. The proportion of black hom- 

< s« Dpwey, H., proe. 11915), pp, 107-33. and rderencw 

to the previous work: of Croiwii&w Add Davidvoo,. 

' Wells, A. K. and Wooldridge* S. W., Prac. P 178- 
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blende white feldspar varies and some varieties closely resemble 
the appinitic suite of the Scottish Highlands. Arrested sloping 
with Avidespread hybridizatioa, the development of local pegma- 
tltic clots and aplitic veins are weU displayed at Elizabeth Castle, 
St. Helier^ and much more extensively in the ejctraordinary maze 
of reefs laid bare at low tide the scuth-^tem comer of Jersey. 

The plutonic rocks are cut by sills, rarely of dolerite, more com- 
monly of acid types^—granophyre and microgranite^ and large 
numbers of dykes of basalt^ dolerite and lamproph}Tre. 


PERMIAN 

Igneous rocks of Permian age are found m only two areas in 
Britain—in Devonshire and in Ayrshire* The latter area has already 
been dealt with earlier in this chapter. The lavas of the MaudUine 
area are associated with red sandstones usually considered to be 
Permian. 

In Devonshire the Permian lavas are restricted to the neighlMur- 
hood of Exeter, and are often referred to as the "Exeter traps/" 
They were shown by Sir Henry de la Beche to lie at, or near, the 
base of the ^'New Red Sandstone/'^ either directly on the Culm, or 
separated from it by a thin stratum of red rocks. The lavas were 
laid down upon a very irregular surface, from which rose prominent 
hills of Carboniferous (Culm) rocks. The main outcrops occur in the 
tongues of New Red Sandstone that extend westwards from the 
neighbourhood of Killerton and Tiverton. In additionsmall patches 
of lava associated with Permiaii conglomerates rest on Devonian slates 
to the south of Dartniwr near Kingsbridge, and also south-west of 
Plymouth. The actual centres of eruption have been located in 
some cases^ In others the lavas are regarded as of puy type. It is 
possible that other vents ^e hidden beneath the Permian rocks, but 
some evidence has been adduced which indicates derivation from 
the high land in the neighbourhood of Dartmoor* It is po^ible that 
the Dartmoor granite itself oraipiea the site of a magma-basin, 
capped with a roof of Culm sediments, from the upper surface of 
which rose several volcanic cones. In the unroofing of the granite 
mass the cones have of course been destroyed, but it is significant 
that blocks of acid and intermediate lavas occur in the Permian 
breccias^ and decrease in size away from Dartmoori 

The systematic examination and determination of the rocks Is 
rendered difificult by their extremely altered condition, the altera¬ 
tion dating from the Permian period. The lavas were the product of 
sub-acrial eruptions, and were extruded under desert oonditions. 
Hence they suffered rapid dismtegration, and their iroa-bearing 
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constituents were ijuictly oxidi^ed^ which gives the rocks a charac¬ 
teristic red colour. The upper portions of the lavas are often miich 
fractured (block lavas), and the crevices filled with sand. Many of 
the flows are extremely vesicular, and in their general appearance 
are strongly reminiscent of the Old Rod Sandstone lavas of the 
Pentland Hills, etc., and the Permian lava$ of Ayrehire. 



FIG, 14^. 

Skcicb-fflap showiDi distributiott pf the Exeter lavu and ^voolaii^^hoii' 
iffrous vokamit roclu in Dflvonshkrfl. 

Triu. BpoU: artaa containinf Fmnian lavas, ruled; Dflvnijiaji and 
CarbniiitAmtu volcanic mckB. :&Qtiid black. 

The Exeter lavas have been investigated by Tidmarsh,* who 
divides them into ten types grouped into three series^ Each of the 
types exhibits several different facies. Among the lavas and asso¬ 
ciated intrusions are some to which the names of normal rock-types 

' Tidmuita. W. G,,"Tbe PernLiJui Lav*? ot Dewn." Jj y.C-S .lxxiviii 
P. 7ia- 
















444 THE PETROLOGY OF THE IGNEOUS ROCKS 


may be applied, sucb as minette, rhyoUte, quartE-poirphyTy. Most of 
the rockSj however^ are of quite exceptional mmeral and chemical 
composition. Among the features of special interest are: the occur¬ 
rence of xenocryst-quartz-basalts; the lamprophyric fades of the 
lavas; and the occmrence at Loxbeare near Tiverton of a leucite- 
iddiDgsite-minette, The leucites are small but typical^ and show the 
regular groupings of minute inclusions so chamctemtic of the small 
leudtes in leucitites, etc. Apparently rapid chilling of the magma at 
a time when inica was m the process of formation gave rise to 
olivine plus Icudte instead of more mica. 

The problem of the origin of these rocks is the problem of the 
genesis of the lamprophyres, Tidmaish's suggested solution involve 
interaction between the '"depth residuum''' of the Dartmoor granite 
on the one band, and a late acid residuum on the other. Both con¬ 
sisted partly of crystals and partly of magmap therefore both sets of 
crystals would be unstable in the mixed liquid and would suffer 
corrocrion in the manner described. 

Although the range of composition of t!ie Exeter lavas is small, it 
is significant that the Permian breedas contain abundant pebbles of 
strongly porphyritic microgranite rich in large phenocrysts of 
quartz and fddspaTp also rhyolites and sphenilitic acid lavas and 
andesites. 

These Permian igneous rocks of South-West Eogland form a 
small portion of a large petrographic proviiiee extending into Ger¬ 
many. On the Continent^ however^ the amount of igneous material 
is much larger and more varied in composition. 


TERTIARY 

Throughout the whole of the Mesozoic era there were no volcanic 
outbursts in the British area, but at the opening of the Tertiary era 
activity was renewed over an enormous area known as the Brito- 
Icelandlc or Thuleem Province^ as it embraces North-West 
Britain p and extends thence northwards into Icclandp Spitzbergen, 
the Faeroe Islands and Jan Mayen. In Britain the volcanic forces 
quickly exhausted themselves; but in Iceland they have persisted 
until the present day. The Tertiary igneous rocks have not been 
subjected to any important earth-movements since their fotmatioii> 
and they are magnihcently exposed in the bxUy ootintiy of the 
Hebrides, in Ulster^ and in hundreds of miles of coast sections. The 
rocks are usually in a perfect state of preservation, and are thus 
eminently suitable for detailed petrological research. It is only to be 
expected, therefore^ that our knowledge of the Tertiary cyde Is 
ihore detailed and complete than is the case with any other. Although 
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the cycle was completed in Britain in such comparatively^ recent 
timeSp profound pre^^jlacial denudation has laid hare the plutouio 
rocks in some places* although in adjacent areas several thoijsand 
feet of lavas have escaped erosion. 

The cycle consists of the usual three phases, in the volcanic ph^ 
and that of the minor intrusions it proved possible to distin¬ 
guish events that affected the whole or neariy the whole of the 
provmcej froin those that were restricted in distribution to the 
neighbourhood of certain centres. ThuSp in addition to the "regional^* 
eruptions of basalt over the whole area, there were "local^* centres of 
eruption whose products were in some cases markedly different 
from the regional types. The centres of eruption that have been 
recognized in the British area comprise St. Kildip fifty miles west of 
the Hebrides, Central Skye, Southern Rum and South-East Mull, 
all in the HebrideSp North and C^tral Arran in the Firth of Clyde, 
and Ardnamurchan on the mainland^^ the Monme Mountains and 
Slieve bullion in North-East Ireland- The time sfijuence of the 
several events in the cycle has been most dearly demonstrated by 
Barker^ in Skye* and the succession there established is no doubt 
applicable to other parts of the provinoe; but the recent work of 
Bailey and his collaborators in Mull has shown that this is not 
everywhere the case, and that there may be considerable divergence 
from the Skye sequence in the neighbourhood of individual centres. 
Opinion has changed as to the manner of eruption of the lavas. 
Geikie believed them to have been erupted from Urge numbers of 
fissures having a general N.N.W,—S.S.E.. or N.W.—S.L* ahgnmeut; 
but Richey regards them as the products of great volcanoes of the 
"central'^ type.» The basalts were poured out with a minimum of 
explosive action* $o that no pyrodasts worthy of mention occur 
between the flows. The Uvas were extruded under suh-acrial condi- 
tionSj and frequently the interval between one flow and the next 
was sufficiently long for the former to be deeply weathered into a 
red day or '"bole." prior to burial beneath sub^uent flows. The 
few interbedded sediments which do occur indude fluvial and lacus¬ 
trine deposits* together with thin coals. The Ardtun plant beds are 
important since they have yielded valuable information as to the 
date of the eruptions. The remains of trees completely engulfed in 
basalt have been discovered in Mull, proving that one at least of the 
basalts overwhelmed an Eocene forest. The central parts of the 
flows am Ki massive as to be indistinguishable from the associated 
minor intrusions, hut the higher parts are veiy vesicular* sometimes 

I "'Tfirtiafy Iflocouf^ Rocita of Stye,” Giol. Sttrv., - 

^ Rkhfl>% I. E.. ‘ ThiB Tertiaiy VoImji: Diitfkts" {Brituli Regional 
Cecildgy), isnd E 4 ii,, 194^' 
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breodatedp and frequently very slaggy. This allows rapid denudation 
of the tops of the flows, and gives rise to a distiDctive terraced type 
of scenery. Many of the lavas are beautifully columuai': the Giant's 
Causewayp and the lava exposed in the walls of the caves at StafEa, 
are typl^ examples. 

The basalts in Tertiary times must have iormed a va^ plateau 
which has been largely destroyed by denudation. They still cover an 
area of 2000 square miles in Britain, however^ and locally consider¬ 
able thicknesses have survived: for example^ 6000 feet in Mull, 
30CM> feet ia Skye, but only 300 feet in the Ardnamurdian Penin¬ 
sula. 

lu their petrographic characters, the basalts are typical of their 
kind and of simple mineral compositiou. From the point of view of 
their distribution as well as their petrology they fall into two groups: 

X. The Plateau Group. 

2. The Central Group. 

The former group commence with tholeiites, often beautifully 
ooluionar^ as at Fingal's Cave and the Giant^s Causeway,* followed 
by the main suite of olivine-poor basalts. Among the higher flows 
in this cat^ory are some mugearites and feldspar-phyric basalts. 

The ba$afts of the Central Group are rich in ohvitie and are pre¬ 
served chiefly in great explosion vents or caldera. 

In addition to the widespread eruptions of basalt there were lo^ 
paroxysmal outbursts from the central volcanoes, which gave rise 
to thick accumulations of agglomerate, locally reaching 1000 to 
1500 feet in thickness. Some of these volcanoes persisted for a long 
time, and during their existence experienced many changes in form 
and in the character of the eruptions and the materials empted. 
Thus the Mull volcano was one of unusual complexity and "with 
every conceivable typed eruption represented by its lavas pagglom- 
emtes and intrusions." For long periods it was an extensive lava- 
cone of Havmiian type, comparable with XXLauea, and it was from 
such lava-cones that many of the basalt-flows of MuU were erupted- 
During periods of depression the cone became the site of a crater- 
Lake, into which basalts of the Central Group were poured and 
formed typical pillow-lavas, consisting of varioUtic basalts. A feature 
of some interest is the widespread alteration of the lavas in the 
neighbourhood of the central volcanoes: over an area some sixteen 
mites m diameter,^ the Mull basalts are chaiacteriEed by a rich 
development of albite, epidote and chlorite, wbOe the oUvint b 
completely seipentinized. These alterations resulted from pneuma- 

* Tomkfiicn, S. I., "Tbe Basalt Lams of the Giant's Causemny Dwtrict of 
Northtni Irekad/* BuiL Naples. Stftio ii. Tome ri. p. S9. 
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tolitic or soHataric action p and were consequently pene-conton- 
poraneous with the eruptions themselves. 

Lavas other than basalts are of very local distributioiip but are 
foiindp for example, in Skye dovetailing into the basic flows* 
Trach3rtes and rhyolites both occur* the former underlying the 
latter* In Mull rocks of similar composition are found, not as flows^ 
but as agglomerates and plugs^ due no doubt to the high viscosity 
of the trachytic and rhyolitic magmas. 

A complete series of rock types ranging in composition from ultra- 
basic to thoroughly add is found among the plutonic intrusions, but 
two rocks are dominant over the otherSp namelyp granite and gabbro, 
or their textural variants. 

Harker has shown that in Skye the earliest plutonic intrusions 
were peridotitcs, but that these have been largely destroyed by the 
later more arid intairions* Ultrabadc rocks are more abundant in 
Rum,* Tvhere they form an interesting complex in the neighbour¬ 
hood of Mounts ALtival and Askival. These hills oonsist of a large 
number of sheet-like injections of two contrasted rock types : one a 
true peridotite, composed of olivine^ aiigite and anorthitCp with 
chromite as a prominent accessoryp and the other, anorthite-tioc- 
tolite (allivalite of Harker), consbting of anorthite and olivine, 
Harker believed that the sheets, which vary from 100 to 150 feet in 
thicknesSp were intmded successively, the highest being the oldest* 
and the lowest the youngest of the series of intrusions^* The process 
by which the two partial magmas were di^erentiated ia illustrated 
by the partial separation of the component minerals of the individual 
sheets: in the peridotites there are layers consisting essentially of 
chromite; sonie contain olivine to the almost complete exclusion of 
other minerals; while in the allirvalite sheets are streaks dominantly 
feldspathic. 

Following the tiltrabasic rocks came larger intrusions essentially 
laccolitbic in form and basic in comporitiou. In Rum these gabbros 
have invaded the base of the ultrabasic complcXp while in Skye 
gabbro is the dominant rock type in the great intrusion which 
builds the Cuillin Hills (Fig. 147). The age relationship between the 
two intrusions is shown by the oocurrence of a wide belt of intrusion- 
breccia between the two^ within which there is a passage from peri- 
dotite penetrated by thin veins of gabbro, through a belt in which 
the two rock types are inextricably intermingledp to gabbro with 
occasional xenoliths of peridotite. The gabbros of Skye first attracted 
attention on account of their marked banding, due to the concen- 

I “Tbe Stnall TiIm of Inv-omess/* Mtm. Surv., igaSj pp- 

+ Cf. Tomkeiefi, S. 1 ., ^'On Cbe Petffllofy of tbe Ultrabasic Basic Hocla 
of the Isle ol nrii (194^)11 p. 117. 
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tration of the compotieat minerals in streaks and lentides drawn out 
by flow-movements in the rock when in a semi-molten condition. In 
these basic rocks the feldspar is usually labradorite; but sometimes 
anorthite takes its place, as in the encrite type. Again. aJUiaugh the 
pyroxene is nomialEy diailage, it is not infrequently accompanied by 
hypersthene^ yielding hypcrsttiene^gabbms or norites according to 
the proportions of the two kinds of pyroxene (p. ^!77). Both olivine- 



(jf/jffff A. Marker,] 

bearing and oUvine-free types of gabbro and eucrite occur. Basic 
rocks of these types make up the greater part of the Ardnamurchan 
peninsula^ and are also important in Mull and Arran. 

The basic rocks were succeeded by major intruriems of acid com¬ 
position, which, in general, were injected beneath the earlier 
intrusions, though to some extent invading them and producing 
interesting hybrid types along the contact zones. The most import- 
am of the Tertiary granites occur at Goatfell in Arran {36 square 
miles)* the Moume Mountains (220 square miles) in North-East 
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Ireland, the Red Kills in Skye and at St. Kilda. The Moume complex 
(Fig. 148) has been studied by Richeywho has shown it to include 
four members differing somew^hat in composition and texture. In 
the Tertiary granites there is a marked tendency towards the 
development of the micrographic texture. The greater part of the 
Red Hills granite is of this type, while "'granophyre” (graphic 
mierdgranite) is typical of the add intrusions of Mull and Rum 
(Orval). The dose assodation of gabbro (or dolcrite) with granite 
(or granophyre) is nowhere better illustrated than among the 
Tertiary igneous rocks. Interraediate plutonic types are conspicu¬ 
ously absent; where they do occur they may be suspected of being 
of hybrid origin^ Although there is dear evidence in Skye that the 
granite was subsequent to the gabbro and invaded the latter from 
beneath, a totally different relationship exists between the add and 
basic ro^ in Mull and the other centres* Here the fonn of the 
intrusions is distinctive: the major intrusions have the form of rather 
irregular ring-bosses or ling-dykes (p. 153), that is, they occur as 
more or less vertical sheets of arcuate cross-section.^ They range in 
thickness up to more than a mile and extend downward to consider¬ 
able depths. In such bodies gravitational differentiation bas every 
opportunity of bringing about marked contrasts in composition be¬ 
tween the rocks of the upper and those of the lower parts of the 
intrusions, A typical example in Glen Moren Mull, shows, in a vertical 
section of 1500 feet, a range in spedffc gravity from 3'a6 to 2^50* 
There is a gradual transttion from coarse gabbro at the base to 
graphic micrc^ranite at the top, both rocks being quite typical, and 
being evidently differentiates from the same body of magma, the 
splitting having been effected in place. The gabbro may be regarded 
as consisting largely of sorted crystals of early formatienj while the 
microgranite may represent the liquid residuum which was squeezed 
out during cxystallkation and injected into the upper parts of the 
aicnate fracture, being chilled against the cool countiy-rock.i 

The detailed study of the ring complexes has shown the sequences 
of events about any one centre to have been extraordinarily com¬ 
plex, In Skye and Rum the sequence as interpreted by Marker w-^as 
simple, and the magma chang^ in composition from ultrabasic to 
add during the plntonic phase and back again to ultrabasic in the 
ensuing "hypabyssal phase.'"' No such simplicity is found in Mull 
and Ardnamurchan, and there is no evidence of a systematic change 

I ''StnMitiiral Rclat^na pi the Moumc Gnmitea/” bcxxiii 

^ J. E.. '‘Tirtiuy Ring Stnichirfti in BritaLji/' Ttoms. C^ai. 

OiM^oTB, xix p. 43, 

f "Ttitkry and P^-Tertwry Rocka of Mu.ll/' Afdw*. C#pf. Skit,, 19 ^ 5 # 

p. 
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in the nature oi the magma. On the contrary, there are almost 
bewildering alternations of different kinds of gabbros and eucrite 
with '"granophjT^/' 

The mapping of the complexes has shovm that from time to 
time the centres of eruption and of inirtision changed their positioji. 
Thus there are two centra in MuU and three in Ardnamurcban. As 
shown in Fig, 149, io Ardnamurchan the rocks of the second centre 
truncate those of the first, while those about the third truncate 



FIG, 

Simplified of central intrQnnn complex, ATlJumurcban, Stotland- 

itin^-dykcft of c;c-ntre 1, oblique mUn^: ol centre a, vertical ruliD^, 
black and wkLte^ ol centre 3. ImrixoatnJ ruling, and black and white. 
Toiialite of ccDtrc 3, small dasbe?. Sediments, lavns. etc., spats. A few 
coae-Ebeets rouod centres 1 and x »ne sbown. (BdtAl m maps Af dns- 

mvrihan M^mmr, l$Jo.) 

those of the second. The third is perhaps the most instructive 
of the ring complexes as it ts perfectly preserved and show^ a good 
range of rock-types, including successive rings of gabbro, eucrite. 
tonalite and monzonite. As these rocks differ in their resistance to 
denudation^ the structure has been beautifully etched out and gives 
a unique panorama of concentric hiU-ranges wdth mterv^ening vallej's. 

Tkt Miner Iniru^ims 

The Tertiary minor intrusions may conveniently be divided into 
two groups, (i) regional, and (2) local. 
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Intrusion on a. regional scale took the form of swarms of basic 
dykes having the general north-west to south-east diiectionT. 

In connection with the local oentresH the rocks of the minor intru¬ 
sions were miich more variable in form and in composition. Dyke- 
rocks are found closely allied in composition to each of the plutonic 
types noted above, that is, there were three chief groups corre- 
spodding with the add, basic and ultrebasic major intrusions, and 
tn Skye they were injected m the order named. 

The earliest of the post-granite tniuor intrusions in Skje were 
composite sills consisting of an earlier basic member (basalt), fol¬ 
lowed by a later add member (graphic rnicrogranite) which usually 
split the former down the centre. They are restricted to an arcuate 
belt lying north-east of the granite of the Red Hills (Fig. 147). 

The local minor intrusions of acid composition arc dearly related 
to the great granite intrusions, but are slightly more acid than the 
latter rock. In texture they vary considerably. Some are tjTpical 
porphyritic microgranites with large phcnocrysts of quartz and 
feldspar set in a groundmass which varies from microcrystalliue to 
cryptoay'stalline. Some of the visible offshoots from the granites 
are indistinguishable from rhyolites* In a paralld series the quartt 
and feldspar of the groundmass are mtergrewn, yielding micro- 
graphic, cryptographic and beautifully spheruhtio rocks. Rarely 
the^ rocks become less add, and by failure of the quartz pass into 
microsyeniteSp which in Skye and Arran dosely approach traijiytes 
in genera] appearance. These are the ^Txjstonites“ and ^^orthophyres" 
of Marker. 

In areas near to the granites, intnisions of a late date include 
tholeiites and pitchstones, often associated together in composite 
intrusiemsp though both do occur alone. The pitchstones m parti¬ 
cular are interesting on account of their rarityp First recognized by 
Jameson about 1700, they were more fully described by Judd, but 
new features, such as the cKcuirence of fayaJite, are still being 
brought to light by careful examination. The best known are the 
pitchstones of Arran and of Eigg. In the former island they occur as 
sills* but more commonly as ooruposite dykes, such as those found on 
the foreshore at Tormore* associated with strongly porphyritic 
microgranites and tholciites. 

In Mull the latest of the local intrusions, out only by the north¬ 
west dykes to be described below, is the unique ring-dyke which 
surrounds the north-west caldera. This intnislon* termed by the 
Geological Survey the Loch Bk FelsLte, is usually about a hundred 
yards in width, though ranging up to a quarter of a mile. The maxi- 
mum diameter of the ring is about ive niQes. A surprising fact is the 
fineness of grain of the rock itself. Much of it is a beautifully flow- 
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banded rhyolite, in places into a slightly more crystalline 

"felsite** (Fig. 150). In places the normal rock passes into a breoda 
consisting of fragments of acid rock of variable texture, indutUng 
"granophyic” and flow-banded rhyolite, together with some basic 
rock, all invaded by tongues of spherulitic rhyolite. The acid maguia 
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A Tertiary rmg dykti and issociated intrtisMMia, Loch B4, Mutl. {d/t^ E. B. 
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advancing up the ring-fissure would be very viscous^ and on aniving 
near to the surface would doubtless sufier figw-brecciadon^ and 
possibly breccUtion due to explosions the top of the column. 
There can be little doubt that the intrusion worked its way to the 
surface, the higher jMxt being ccx>lcd under atmospheric conditions 
and hence reproducing many of the textures of true extrusive 
rhyolites. 
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Local minor iotnisions of basic compositioa arc in like manner 
related to the great gabbro and eucritc intrusions: they occur in 
large numbers in the neighbourhood of the gabbro of the Cuillin 
Hills in Skye, round the eucrites of Ardnamurchan, and in Mull, 
Rum and Arran. Among them are the thick sills of crioanite in 
South-East Amm, and sills of crinanite and ohvine-dolerite in 
northern Skye. Included in this category also are certain radially 
disposed dykes of basalt and dolcrite, others that are tangential to 
the boundaries of the major intrusions, and the remarkable inclined 
sheets of conical form—the oone-sheets of Bailey. These v^e 
described by Harker from the Cuillin Hills, where they occur as 
segments of cones Inclined inwards towards the centre of the gabbro 
laccolith at angles up to 43^. It has since been discovered that 
cone-sheets are developed on an even more spectacular scale in Mull 
and Ardnamurchan. In the fonner locality they are concentrically 
disposed around two centres of eruption. Their injection was not 
restricted to one short episode as in Skye, neither are they all of 
basic composition; some are add, and the intrusion of conc-shects» 
which started quite early, persisted in Mull intermittently until the 
close of the cycle. The early cone-sheets are jnuumerable. They are 
chiefly olivinc-dolerites from 30 to 40 feet in thickness, and are 
somewhat irrcgulai in their attitude as they repeatedly cut one 
another. The majority are inclined inwards at angles of about 45^. 
Somewhat later in date came another series of less basic, finer- 
grained cone-sheets, the rocks of which include ^^311011105, tachylytes, 
basalts of the thoLciite type, and quartz-dolerites. These later sheets 
are so numerous that in a measured section the ratio of igneous 
rock to "screens*' of country-rock is approximately z : 1^ 

Passing now to the consideration of the regional dykes we meet 
one of the most striking features of the Tertiary cycle: the dykes 
are retnarkable not only on account of their vast numbers, but also 
by reason of their regularity of trend over a very ejctensive area. 
The regional direction differs little from north-west to south-east^ 
indicating a tension acting at right angles thereto. The parallelism 
between this direction and the trend of Tertiary faults in other 
parts of Britain, and the fact that both are paralid to the extensive 
"deep^^ stretching north-westwards from the Bay of Biscay into the 
Atlantic, has been emphasized, and the fracturing has been explained 
as the result of crust^ creep towards this '^deepJ'^ The localization 
of swarms of north-west dykes was no do\^bt due to the pr®ence of 
wedges of basic magma l>Tng at no great distance beneath the crust 
and causing belts of weakness. There is a marked tendency for the 

Evans, J. W.. FVesIdeatul Address, Q.J.G.S.y Lkxxi. 1915, -especialEv 
pp. ci-ciii. 
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dykes in the neighbourhood of the plutonic centres to swing away 
from the* regional direction and to crowd in towards the centres, 
while few occur in the intervening belts: the fractures occupied by 
the dykes crowd in towards the wieak spots in the crost, rather than 
maintain their direction through adjacent stronger partsJ Thus the 
dykes are concentrated into '"swarms'*: these comprise the Skye, 



Sketch^iziap showing relatfd^ betwmi radial dyke^swarm and. plutonic iD’^ 
tmtions tn Kum, Ultrabadlc^ ^tud; grafilte, dastca; 

Jarridaniajj, blank. 

Rum, Mull, Islay, Arran, Moume and Carlingford-Slieve GuUion 
swarms. 

Although chiefly concentrated in the Hebrides, in the adjacent 
parts of the mainland of Scotland and in northern Ireland^ Tertiary 
dykes are also found in northern England, for example, the fleve- 
land dyke; occasionally in the Midlands, such as the nepheline- 
oUvine-dolerite of Butterton in North Staflordshire, while in North 
Wales they have been recorded from Anglesey* and various localities 

» Emm, J. W,, op^ lupra cti. 

^ ■ Gre^y, E., "Geology ol Anglesey/* AfflH. Sure., 1919, pp. 634-90 ^ 




















CARBONIFEROUS TO TERTIARY ACTIVITY 457 


in Csmarvonshire.' Those of North England have been shown to 
converge upon the Mull swarm,* while the Welsh dykeS clearly 
belong to the Antrim swarm. 

The dykes were formed from basic magma which, rising rapidly, 
suffered little contaminadon or difierentiation. Essentially ^e 
dyke-rocks are dolerites or basalts according to their grain* 
sire. Those of the thinner dykes are mdistinguishable, under the 
microscope, from basaltic flows, and in a representative series 
from this suite, all stages from basalt-glass (tachylyte) to qmte 
coarse ophitic dolerite may be found. In addition to normal olivine* 
bearing and olivine-free types, others bear evidence of a tendency 
on the part of the magma to migrate towards the alkali pole; com¬ 
mon augitc is replaced by deep purple-brown titanaupte.^ while 
there is a moderate amount of analclte, or other aeolitc, in the 
interstices between the labradorite and other earlier formed minerals. 
These analcite-dolerites constitute the Crinan type of Flett, and it 
should be noted that no means of distinguishing between the "cri- 
nanites" in the north-west dykes (presumably of Tertiary age) and 
identical rocks found in close association with the Permian intrusions 
of the Midland Valley of Scotland has yet been discove^. Among 
the intrusive basalts, two types may be specially mentioned. One, 
first described from the Cumbrae Islands between Arran and the 
mainland, is a poiphyritic basalt with large pale-coloured pheno 
Ciysts of anorthite set in a groundmass of laths of labradorite, 
and augite, with an abundant glassy base.J The second 
type is an andesitic basalt with intersertal texture (tholeiite), the 
type-occurrence being the tholeiite of the Brunton dyke^ in North¬ 
umberland. These are of essentially the same composition as the 
rather coarser quaitn-dolerites. In contrast to the other dyke 
swarms, that of Moume consists largely of intermediate tandesitic)i 
rocks .4 

Among the latest minor intrusions are some of ultrabasic 
composition, which occur chiefly in radiating dykes in or near to 
the basic plutonic complexes, Pctrographically they resemble the 
peridotites which were intruded at the commencement ^ of the 
plutonic phase, and include pLcritcs (with anorthite), augite-peri- 
dotites and dunites. 

W'e have finally to notice a few scattered intrusions of rare rock- 


■ Matley, C A., Q.J G S., (1913), p, 5^5- . 

• A. uS Harwood, H, F.. "The Tholeiile DyUes of the Ngrth of 

England," Min, Afar..»“ ('9*9), P * 
i TyiteU. G. W,. C<ef. Ma^., I9«7. TV „ 1, t—™ " 

4 Tomkeieff, S. I. and Maiahall, t. E.. DylrB 

Q.tjG.S.. xd (1933), p. ■iS*- See also ToBiteicfi, S. Land ManheU, C.E., The 
KiUougb-Ardglass Dyke Swarm,” (J.y.G.S.. Kvi (ij+o), p, 321. 
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t^-pes occurring on the outskirts of the Tertiary Province. These are 
of more Strongly sodic cbaracter than the majority of the normal 
rocks of Tertiary age in this country, and include the nosean- 
phonolite that forms the Wolf Rock ofi the Comish coast, the 
sodic granites of the island of Rockall, the ricbeckite-microgranite 
of AUsa Craig, and the riebeeldte-trachyte of Holy Isle near Arran. 

In the northern part of the maintand of the Shetland Isles an 
interesting suite of dykes occurSp trending north to south, and includ¬ 
ing riebeckite-microgranites, some porphyritic, others aphyiic, and 
some beautiful sphenditic types. Their age is uncertain: they may he 
Tertiar>\ but are conceivably Carboniferous. ^ 

It remains to mention two other completes which may be appro¬ 
priately considered here. 

Lundy Island* lies off the Somerset coasts well within range of the 
Armorican granites of south-western England. The island consists 
almoEt entirely of gntnite> cut by a varied assemblage of dykes. 
Petrologically the granite is much like the West of England types, 
the earlier intrusions being sodi-potassic, with pcrthitic ortUodasc 
the dominant feldspar; but there is a larger proportion of aJbite- 
oligodase in the later types. In certain points of detaD the granites 
recall the Tertiary intrusives of the Moume Mountains, particularly 
in textural similarities: the occurrence of miarolitic texture, with 
beryl and topaz in the cavities^ among the normal minerals. Of the 
dykes over nine-tenths are basalts and dolerites—some arc olivine- 
bearing, some quartz-bearing, some are classed as "tholeiitcs/' 
while another link with the Tertiary Province is afforded by tlie 
pitchstones and occasional tachylytes like those of the Hebrides. 
Less acid dykes occur* some being trachytic and others termed 
"orthophyres'' are microsycnitic. 

Secondly, on maps showing the Tertiary dykes, a swarm unrelated 
to any of the visible volcanic centres cro^s Islay and Jura. The 
inference is that a concealed complex lies a little distance from the 
coast of Jura. 

With the dose of the Eocene cycle, igneous activity ceased in 
Britain. Looking back over this brief account, one is struck by the 
variety of the rock ty^ses occurring among the British rocks, by the 
comparative perfection of the record so far as some of the cydes 
axe concerned, and, on the other handj by the many problems 
connected with the genesis, age and relationship of these rocks 
which still await solution, 

* Dollar. A T J "Tiio Luruiy Complex: its Petrokigy and Tectouir*/^ 
Sx., icvii p. 39^. 

^ Phen^cr, J., andethen, ^ Riebeckite^bcansz Dyks of Shetland/' Mtn. 

Mag., XXIX {19SO}, p 339. 
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-peridotite, 343 
-tmtolite, aSB, 44S 
anortboclaae^ 89. 416, 427 
anortfioaite. xU, 39*? 
antigoiite, 102* 103 
apatite, ta^ 
apLogranitar 191 
juppipJtfl. 262, 433 

Aidnamujrcfian* 445, 447* 449. 45^ 

(imiF) 

Anb F^ninsuls* 334, 33^ 

Ardtnn, Mull, 443 
Arenjg Mt., 395, 39* (fiff }. 197 
arfvedsonitc, 66 
Armbotb, 403 

Artnorican IntiTisions. 437, 438 (map) 
^ miDEraliiation., 441 
A^ge, Scotland, 284. 413 
Arran, ScotUnd, 47^ 149, 443, 447 
(map)* 449h 433 

Arthur"4 Seat, Edlnbuj^b, 143 (map), 
41S 

section of, 144 
Ascension It.* 250 
aab. volcanic, 337 
Aakpeington, 414 
asirniiattop, 3B4. 371 
Aasyot, 313, 406^7 
atomic stnKhnro, 41 

oi olivine. 43: of pyroxene. 5s; 
miicap 67s of feWfipar, 79: of 
ampyboles, 60; of cblorite, 103 
augite, 33, 5fi 
augitit#. 334, 343 
BJiitobcoccii, 339 
autoinctamorphisii), 343 
Auvergne, France, 142 
Ayrshire, 429, 452-4 

B 

^uarti:* 74, 75 

Bailey. E. B.* 146, a6o. 262, 330, 335, 
541* 387. 430-t, 432. 445 
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Bain, A, D, N,* 195 
Balk, R., 1^9 
BalUntru^ 393*4 
baflakite, 273^ 431 
baoatite, 273, 4II 
Bancroft, Ontario, 242^ 2&2 
baading, 2$g 
barkfvildtc, 66, 310, 416 
Bamavave, 12B 
Barrow Hit], 436 
Bajtb. T., 272, 373 
basoJta, 276, 29S. 30a (anal.}, joi, 
301 (fig^ L 3<^4 

CarbomierpuA, 429 
Tertiary. 444 

basaitic magma, types pf, 364 
^rystalUzatioii of, 363 
ba^aiiite. 319 
basic igneoci 3 rpcka, 276 
Baas Rock, 232. 432 
Bathgate Hilla. 429, 434 
batbobth^, 136^ 376 
Bedce, F., 177 
Becke teat, 31 
Beikdvic, 235, 342 
Ben Oruacbaii, 4x0-1 (map), 422 
Bra Loyal, 234-5, 4®^ 

Ben 409, 419, 420, 412, 423, 

434 

BenAdO, W. N.p 343 
beryl, 126* 204^ 438 
Billings, M. P,^ 153 
hdjatite, TOp 72 

biotite-pyroaenite, 334, 336 (anal.) 
birefrmgeiice, de&oed, 37 

table. 37—&npmaJnu3> 103, 112 
blacJt dykes, 390-1 
’'blue ground." 336 
Blyth, F, C,p 4O0p 401, 405 
Bodmiin MwTp 437. 440 
borolanite, 315. 3x6 (aeal.)^ 406 
EoXTOwdale VdcailicSp 401.402 (niap). 
4*3 

boss, 157 

bostenite, 146, 426, 453 
Botilay Bay, Jersey* 38S 
Boulton, W. S., 336. 387 

Bi»wec, K. L-. 45 46, 54, 6B, ^7. 

*33. 167^, * 7 a- 3 , 346- 359. 

364, 366, 369, 373 
bourlingite, 104 

Biainmall, A., 119, 174, 183^ 439 
Bnid HiUSp 417 
Bretdden Hills, 399, 400 


Brito-Icekcdu: P^viuee. 444 
Brbgger, W. <J„ 306 
broaaite, 53 t^-) 

broDxitite, 35, 331 -^. 33*. 333 (ansi.) 
brooldte. 119, 120 
Bnix. Bohemia, 231 
Builth, 39^, 401 
Bulman, O. B. M., 395 
Burntisland, 417 

Busbveld Complex;, iiG. 123. 132 

(fip.), *at. 98$. 334, 338-9 

bysmaliths. 155 


C 

Cader Idris, 394-5, jg6 (mapL 4** 
Caer Caradoc, ^7 
Cairusmare of Fleetj 401 (map). 413 
c^C-^aJkalL series, 276 
caldera, 446 
caldte, xojp 243 
CaMaa de ^Coxicbiqiie. 355 
Campbell. R.. 30S, 431, 433 
Campbell Smith. W.* 249. 252^ 3x6, 
3 aa 

Carapsie Fells, 4S9 
camptenite. 351, 352-3 [analj, 426 
Canadian Shield, 386 
cancriiiitep Eoi 
-syenite, 238, 240 
Capo da Bove, 321 
imrboaate group, 105 
carbonatlte* 107* 243, 347 
Cailingford, 450 (map) 

Cam Brea. 440 
CameddauK 401 
Camethy (porphyry^, 41S 
Cam HfentJUs, 439 
Carrock Fell, 124, 403 
Cairuthere, R. O.p 419 
Cathkiii Rills, 429 
cations, 41 

cauldron eubaideccep 135 (^0. 

420 

eelsiaii. Si 
chalcedonite, 79 

Channel la.. 388 (see also Jersey and 
Sark] 

chamoeldte. 194 
Chamwood Forest, 388, 392 
Chayea^ F., 242. 373 
Cbeviot mns. 417, 419, 42Z, 424, 
42J (map) 
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cbiostolite, 134 

cbiiibaclay. 

cbiDA Htopjc, ai3p 2*3 (fig.J* 4i^ 

Cliiplcy, 415 

chioritc-^erputifle group, 103 
chloritiEation, 176 
cliloiophaeite, 104 
cbtoinitc. itS 
chromititc, 118, 39* 
clxrywlite-. 45 

chr^tiJe (duysotilite}, 103 
dee Mills, 43^ 

Clev^lajtd Byte, 14S, 456 
cLevdAndite, $7 
cliuDchloTe, 103 
clinofoUlte, 311 
Ckgher Heul, 40S 
Cl£H>s, 159 
^ Mtws, 159 

Clougbp €. T.p. 4^^^ 

Clyde Fl«te%u, 41S-9 

Guts. R.p 

C^Dsayp 241, 335. 337. 4^3 

colctuT-iiidex, 

columnaj jodating. 14 ^f 347 
cc]ae-iAu«ta« 154 ^43- 3T^p 4^5 

contamiiutcd norite^ 414 
contanunatiaii, 37^5 

cordierite^ ijid 4^4 f 439 

Corndoa, 4CI 

comtiA structoTB, 280* 366, 287 (^S-J 

ccnite^ al&l, 277 

Cortlaodt ^^Mpleac, 303, 343. 4=^3 
cartlAndtile^ 34*, 433 
corundum, 131, 1^2 
-syenite, 24*^ 
nJiorite, 2O2 
cossyrite, 249 
C«c* A. H,, 395-*. 399 
CraigljDckh&rt, 431 
craigmontite, 263 
Crawlordiobu, J07-®> 434 
Cra^ Mt3,, Mont., 3^9 
Criffel, 4x1 (mnp], 4^^ 
criuAnite, 309, 453, 457 
cristobaiite, 78 
Cfnra FeU, 402 (oiAp), 403 
Croas> W., 235 

cryptopextlitle, S9 
crystal tuff, 339 
Cumin Hills, 448-4? (loAp). 455 
Ciunbnie Islaiids, 457 
cummiDgtonite, O4, 66, 2S7 
cumutppbyrk:, 3eiSp 3^4 


D 

dacite, 223, 271 (iusl,) , 

Dalbeattie, ScotlaiHl, 264, 4tl 
Dainieny typo basalt, 430 
Daly, R. A., 153. 3 ^ 5 * 3 ^ 5 . 344 p 

364. 3^- 373. 377 
Dtartmoor* 437, 439^ 44i-3 {map) 
davuimte, 335 
Deccan Traps, 142 
Dew, W, A.. 53, agi. 379. 4l = 

Derby, A. O., 311 
d«ilicatiQu, 241, 327, 335 
deuterin cryataiUaatLOii* 174 
Devonian lavas, 443 (map) 

Beweyp H.. 319, 415. 4^5 
Dhoon, 409 
diabasep, 294 
diallagite, 333 
diSefeutiatioa. 363 
diltusiou, ioDic, 38a 
diop^r, 51, 53, 55 
diutite, 257 

261 (fig ), 167 {aual.)p 423 
dispeisicQp 3S 
ditroito, 239 

doleiite, 294^ 397. 4*5 

, alteratiou of* 297 
, dlivme, 296* 39S 
^ quartz, ^6* 398 
j toatuie ol, 297 
dolcrite-aplito, 37®. 4*^ 

Ddlgelley, 359-fio> 39®. 398-9^ 
see Cadei Idris 
dolomite* 103 
Dollar* A. T. J., 458 
Dcaeley. 437 
Dxanbenieis, 248 
Dresden lyeriito, 233, 241 
Dufton pate, 403 
. Duluth, i52p 2I9 
dungannonrte, 262 
dnait«, 339. 344 (»nfll.J 
Daoaapie typ« basalt. 43.0 
Duppau. 3*0 
Du Toit, 1 ..* 14®. 

. dykes, 148 

cnmpoaitr, 14&* 433 
multiple* 14$ 

dyke^pbase. 385, 423, 455^-7 
dyke-STwanu, 14S, *50, 423* 435 tfig-)^ 
455 

dysctystalUne rocks, 1S9 (drsfin.) 

1 

Eastwood, T,p 405 


1 





THE PETROLOGY OF THE IGNEOUS ROCKS 


edogitt, 119. 335 
Eigg pitchfltone, 453 
Eiltipn HlUb, Z49, 439 
Ellis, S. E„ 25& 
dva£i. 44a 
«i:wotiqmprpby, 76 
Emierdalc. 402 4A4, 405 

Ennos, F. R.. 236 
32-5 

ecstatite-Augite, 56 
enstatitite. 333 
^idiorite, igS 
cpldote. III 

epidotiflLtion, 114 

j^kdaic, 4 £ 32 , 4Q5 

EskPla, P.. J32, 377 

Essex Co., Mass., 506 

essexite, 306-7 (fig,), 316 (anal.), 433 

Etivc, 4? I, 443, 444 

Etna, 14s 

eucrite, 283. 449. 452. 453 
eqcxystalliii«, 1B9 (defn,) 
eudiaJyte, 127, 240 
eulitc, 33, 61 
eqtectk, 1664 167, 17X 
Evans, J, 454 
Exeter lavas, 442-3 fmap} 
exsolutlon. 35, ^ 
extm^tio^ (de£a.), 36 
Eycoti Hill. 403 
Eytw. V- A.. 427, 431 

F 

Faeroe IsTandsK 444 
Falconer, J. D,, 429 

tayjlite, 44 , 54 

pit£hS.tDIH!, 47. 45J 

Feamsides, W. G,, 395 

feldspar group, 79 

feldspars, use in dassiEcation, 1&6 

feldspathold group, 95 

felsie minurala, 

F«Xr Norway, 343 
feiiite, 243 
Feuner, C, N., 3^ 
feigusite, 315 
femogabbro, ^So 
ferrobortODobca, 43 

fenobypcritbeiieH 55-4 
ferrosUite, 53 
filter-press, 382 
fisure, eruption^ 142, 443 
Fleet, J* S., 309, 319, 353, 337^ 

3 ^* 429 

I 


flow structure, 139, 161 (fig,> 
fluoresceoce, 99, 131 
fluorite, 131 

Idrstehte, 44, 54: geneaiA of, 48 
marble, 48 
fayaJte, 238 

fractioiial crystalb^tioii, 36b, 367-9 
Frommuree^ H. T,p 203 
front, basic, 380 
, metasoEnatic, 380 
fugitive constitneiita, 174 
fumaroles, 174 
Fundaineiital ConipleXp 388 

G 

gflbbro, 276, 27S {figO* 279, 280 tag-)- 
295 h 390,401,449,450,4J2 
gabbrodc rocks, latc-stage aJteiatioii 
oU 293 
galmite, jia 

Calloway^ 411 (map), 412 

Gaiabal Hill, 42, 335, 341, 412 

GaniUier, C. L* a6o 

Culetoo Hills, 432 

garuet gioup^ 116 

Gcilde, A.j 146, 428^ 443 

Gevers, T, W., 203 

Gbosb, P, K,, 437 

|bost-crystala. 317 

Giint'a Causemy, Ireland. 147, 448 

Gilbert, W. S., ^31 

Glencoe, Scotland, 114, 155, 330, 420, 
421 (map], 413 
Gleaelig, 336 

Clfin Fynt, 335, 341, 412 
Glen More, Mull, 450 
glenmiurite^ 308 
Glen Ofchy, 330, 337 
Glen Kiddle, Peuosylvami. 263. 
GoatfeUi, Aimn, 449 
Godoipbinp 437 
Cnirugill, Cumberland^ 209 
granites, 191, 192 (anal.) 
arigiii of* 376 
potaasdn, [91 
»dic, 195 
textures of, 199 
Granitea, Older, 388 
granituation, 37$ 
granociioTiteSp 196,, 260 
^ analyaee, 198 

granopbyit*. 398, 399, 403, 403, 450- 
53 

Orantham, D. R.^ 196 



INDEX 


gra[>hic tisxture, zoi, 
gTa\itatloDaI layering, 290, 193 {fig-] 
Gnat Dyke, Rhodesia, [4^ 

Green, J. F. K.. 359. 4^3 
Greenly, E,. 3S6, 39*^ 45^ 

Gregory, J* W., 149^ * 5 ^ I 

Greig, J. W., 135 (Ln^ 

greisen, zo€, 440 

groemlarite, 116 

Groves, A, W., 194 

grfLneiite, 6t 

H 

Haddo Hotm. ScotEacd, 284, 432 

(6«) 

h^smatite. 123 
HaJiburtcin, Ont., 140, 261 
Hall. A. L,. 33S. 3^4 
hiilediota (porceUanltn), 33B 
Harker, A., 124, I49. 

331. 3&7. 3®^. 394- 4°5. 411. 445^ 

44^. 

Harlech Dome, Walee, 265, 293- J93 
haimotoDie. no, 2^3 
Hartley, J., 403 

Harwwd, H+ F., 1S5, 296, 34I4 439- 
457 

hutLogsite, Ji{ 

Hatch, F. H,p 43a 
taauyae (hauynite), ioq 
hanyaophyre, 233 
Hawau, 14Z, 399, 3<^4- 3^ 

Hawkes, L., 300 
liedaibcrgite, 53, 55, 369 
'graiLophyTe, 53 
Heinrich, E, Wm., 73 
Henry, N. F^ M., 55, sS^ 

Hcaiy Mts., Utah, tji 
Hess, H. H., 53, 55- 29* 
heteromorphistn, 183 
heulandEte. 109 
Highwwd Mts., Mont., 313 
Hilh J, B., 32S 
Hillkouse type ls»dt, 431 
Hitchea, C. 209 
Hittend. Norway, 281 
Holland, T. H.. 194 
Hohnee, A., tae, 163* 196, 296, 325, 
334, 34*- 3®7' 37*- 37®. 37®- 

434, 457 
Holy lale, 457 
hjomblende, dri, 64, ^5 
homblendJte, 334-5^ 33 ® 4 ^ 7 * 

4*3 


-163 

hortoaoEte, 45^ 339 340 (fig.) 

hour-glass atmetuTe, 59 ^ 

Howferd Bridger 434 
Huntly, 337, 413 (map), 414 
hyatophane^ 93, 263 
hyalopilitk, 289 
hyalostderite, 45 
hybrid piaguoa, 373 
hydategeneLic mlnerahij 163 
hydrothennal stage, 164 
hypabyssal tfiy 
hypersthene, 53 

andesite, 393, 397# 399 
anorthosite, 291 (fig.) 
gabbro, 277, 449 
hyper^thenite, 333-4 

I 

ichor, 379 
iddingsite, J04 
igneous cycle, jSj 
Ijo, Finland^ 311 
ijolite, 311, 311 (fig.) 

-loicfo-^ 317 
ilmenite, 123, 124 (hg,) 
imnueraioa melbod, 30. 93 
luchcolm, 308, 337. 433 
iacongment melting, 53, 97 f ^73 
injection gocLss. 379 
Insch, Scotland, 284, 4^3 
laterference hgures, 38 (hg^j 
ioversioD leiopeiatuTe of ^luartE, 206 
Isle CadiecLX, 348 
Isle of Man, 435 
ttalite, 315, 324 

J 

Jacupirajiga. Braiil, 311 
jacupirangite, ^x% 

|an Mayen, 444 
Jedburgh type basalt, 431 
Jersey- C.I.. 3y>. 336, 353, 441 
JohAnssen, A.. 181. iS*. l«, 175. ^84 
joint struttuwa in pTntooi, 160, 
(ftg.) 

Jones, F., 392 
Jon^ O. T„ 39® 

K 

haUophilite, 98 

kalsilite, 98, 319, 324, 327, 34^ 
kaolidlter 

kaoliniialioo, 210-12, 439 
KartM, South Africa, 149, 15^, 217^ 
298 
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kataphoritfr, ^24 
KAtLinsa.M 3^5 
lutUD^U, 315 
Ksutzpnbu'Ckfil, 314 
K^nmack gnem, 

Kennedy. W. Q., 183, 335 . 1 * 4 . 370 - 1 . 
376 

KcntaUeoH Argyll.* 328 
kcntaUeute* 316 (smaL),jaS, jag (fig.)i 

413 

kenyte. aji. 25& (anal,) 
keiatnpbyie (cci^tQphyre)^ 249, 394^ 

397- 415 

kersantite, 351* 353-3 J 
Kilpatrick HiMs, 428 
Kilsyth type basalt* 431 
Kimbefleyp 341 

kiiDbetlile, 243* 32*. 341, 344 (anaJJ 

King, B. C.p 4D7 

Kirkcaldy. Fife. 428 

Kdbier* A., 90 

Kola Pen.* 241. 311^ 34* 

Kiakatua, 338 
KremerSp H., 204 
Kndam Hills. Nigeria. 195 
knpflehte, 61 
ky^to. 135 
-eclogitep 336 
kylile* 310. 434 
KyoAstoDp H.* 32S, 337 

L 

laccoliths. 151* 398 
, cedar trcep 152 
Lake District, 4ei 
Lake. P.* 398 
lamiTTAtipn. igncons, 293 
lamptobolite. 66 

lamprophyre, 107* 348, 336 (anal.) 
Land's End. 436 
lapiUus, 357 
larvikitCp 234* 236 
Lassen's Peak. CalUnmia, 2/1 
latite, 275 
Java, block. 144 
domes, 141 
dovE, 14a 

144 

layering, ignooos. 15a, 289, 369 
rhytbink;. 290 
ledmorite. 313 
Leinster granite* 409, 413 
Lcimojctown. 434 
lepidoUte, 69. 7a 
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lepidomdane. 73. 235 
leucite, 93 

LeucJte HiHs, Wyo.. 97+ 255p 3 ^ 4"5 
Icdcitio lavas, origin of, 326 
leodtite* 320, 321 (fig,) 

IcucjtopbyTe, 253, 254 (fig,) 
posean-, 234. 236 (anaL) 

pblogopite-p 25s 
leucocratic* 186 
lencodiodte, 259 
Lencogranite^ 191 p 422 
leucoxene, 123 
limburgite, 345 
limonite. 125 
Linden. W,p 197 
ILtchfieldite. 238 
Liule Wenlock, 436 
Lizard, Corawall, 388p 390p 391 (fig*) 
Uandriiudiod. 398 
UanwTtyd Wells* 394, 39$ 

Loch AiUh, 406 
T jTrh Awe, 260 

Loch Bk fing-dykep 454 (map) 

, letsite, 433 

Loch Borolan, 3*5-t6, 4** 

Loch Crinan. ArgylLp 309 

Loch Dee* 41a 

lopolith. ija 

loEuit«, 310, 434 

Lngar sill, in, 124* 308, 310 

Lundy Is., *26, 458 

liuiulliatkite. aio. 211 (fig-) 

M 

MacGregor^ A. Gk* 231, 4i7p 429, 4304 
43 fr^i 

, rnaduplte, 335 
mafic minerals. 186 
mafurito, 121. 346 
magma* 24 
''-basalts." 344 
magmatic consolidationp [63 
Composition* 163 
magma-types. 303* 363 
magnesite. 103. 107 
Magnet HeightSp 5 . AMca, 282 
magnetite, 3 H 8 , 122, 123 (fig-) 
-anorthosite. 2S2 (fig.) 

™*kdnte, 332, 424 
maligcite* 309, 313, 3I4 (fig,) 
Malvem Hills. 387-S, 403 
marialjte. 114 
marlupoliLe, 237 
markfieldite, 3^. 392, 405 



INDEX 


UaiM^ typ* tAsalt, 3153, 431 
bCuloes^ 4^ 

Mmboll, C, Eh, 436^ 4S7 

Matlty, C. A,. 365, 387, 399. 457 

436 I 

Mftuchline, 439, 431 
Mauk, H. B., 439-t 
meiockite, 114 

meladioritc, ^$9* ' 

mcUoit^. 116 
iiuelAfljOcntic> zS6 (d£bi.) 
oeUliteH 191 

-buait, 345-^. 367 

-m^udteH 346 
melilitite. 34^. 34S {uia].) 

M«ndip HilU^ 497 
mswatic^ 186 {defo.) 
mtiMlite, id8 

M^oatasis, basaltic, 36B-9 

iTtiamlitif! aA| (deCaO 
mirA groups 67 
lamprophyre, 348 
'"mica-tiap," 348 
inkrgadaiiieUitfrH 214 
micjodioziteH 264, 2^ {^0^ 4^4 
analyses of, afi7 
microgabbro, 294 
micT^gTviiCes, 
alkali, 3x4 

micTdgracLodiorite^ 314 
nuczoijolite. 317^ 31B iLn.) 
microroowoRite, 371^ 273 
tdujcrtinoritD, 296 

micropegmatite, 177, 368 (see also 
graRophyre} 

micmpRtthitc, 87, 88, 89 
mijciosyeaogabbrQH 33^ 
micTRtewheaVte^ 30S, 317 
microtouayte, 
iniginatit«, 379* 380 
MUiei, W. J., 289 
mm&xalSj rUssafkation ol, 49 
minette, 330 (figO. 85 * ^ 35^- 358 
(uial.) 

minverite, 297, 319* 358, 415-ib 
Eicussoiijite, 313, 318 (anal.) 

-porphyry (* poiphyritic micro- 

misourite), 315 
Mitchell, Or H., 401 
mix-crystals, 16& 
mode, 183 
Mul^y-Golfa^ 401 
Mooa complex, 3lb, 388,, 392 


4^5 

modchiqnitB, 351, 35*^3 3J3 j 

42^ 2 

mnnmonthite.. 23S, 3^0 
iii9ntice1iite, 48, 49. 347 
Moot Pel^, Maitmiquc, 141 
MoDnrni, Tyrol, 27X 
ZDORzooite, 271, 174 (miaL), 42a 
, olivitie-i 171 
, quaJtx-H 273 (fig.) 
mooRstoae, 89 

M9of ol Raimoch, 429. 421 (map)- 4^* 
Mount; AilivsJ, 448 
Mooot Aeldval, 448 
Mouataorrel, 197. 4^ 

Mt. Dori, Anveigne, 259 
Mt. Ereboii 252 
Mt. Kciiya**349. ^5^ 

Moorant^ A. E., 388 

Mhuroe Mts., 449, 431 (Aiap) 

mngearite, 33*^ 3'^7 p 394^ 43*' 43*^ 

Mugeaiy, Skye, 331 

Mull ol Galloway, 4x2 

MoU, 13s, 249, ^ 

Tertiajy lavas ol, 44^ 
mullite^ 135 
muscovite, &9. 7^ 

Myuydd Mawr, 217-8, 398 
Myoydd-y-Giidor, 398 
I myiraekite, i77> 178 *93 

N 

papdleuuite, 261,. 277 
uatroUte, 108 
oecke, volcauio, 142 
negative crystal, 77 
oepbeliiie, 30b, 3*>9-*5 
basaoite, 319 
-ftyenite, 235 
^ origin ofp 241 
tephrLte, 319 

□ephdimte, 320, 323 [hg.) 

Newer Cranitcfl, 49S 
Newry, Ireland, 334^ 338 
Newton Abbot, 413 
Niggli. P-. 21, 333 

Nockolds, S. R-p 128, 197* 2fio, 335, 

34 *. 37 *> 375. 4 ^^ 4 *^ 

I Dordmarkite, 334* 40*^ 

norite, 276. 281,2$3 (fig ). 295 ) 

origio of, 2S3 
t olivini^* 276 
aonu, x82 

North Berwick LaWp 42!, 431 


C 
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njoseofl idd 

liiiAe ftid-vit«ji 143 

O 

oc«uute, yiy 
omUi. 355 
Ocliil Hills , ^17 
Ofte<Uhi« C.^ 34j (tn.), 375 
01(;a HilU, QotbM, 347 
dkute. 347 
oligocliflc^ $3, 91, 94 
-basalt, z 99 j 451. U 3 il must^te 

359 

olivine ^roup> 43 
OAduIca, 47 
sand^p 4^ 

-basalt, 399 

-gabbro, 379, 38* (fig,) 

339 34 ® [deta.) 

oinphadtti^ 335 

ppaltT^ 

OplliSkOttlillg, 397 
opbitiE!; texture, 377^ 278 (fig.} 
optic axiii piane^ 35 
orbicular gabbm^ 277 
gnmitCp 199, 2M (fig.) 
oroodite, 353 
Orkney Is., 333, 4zfi 
artbite (all^te)^ 113 
ertbpclaMp 80^ 84 
orthogabbro, 379 

ertboinagmatic cryEtailizatioD, 164, 
165 

arthjopyroxrae, lamellar atructure in, 
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